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ABSTRACT 
Perovskite solar cell has attracted great attention recently because of its great potential. 
However, detailed information on electronic defects is still unknown. Here, we report Urbach 
energy of tail states (16 meV) with sub-gap QE measurement and two defect bands (0.24 eV 
and 0.66 eV) with CFT measurement. Meanwhile, the attempt-to escape frequency (~1011 Hz) 
of perovskite is calculated with our CFT data. Diffusion length of perovskite is measured by 
both photo-conductivity and QE vs. bias, and both methods give a diffusion length of 4-6 µm 
for perovskite, which is the reason we can make high efficient solar cells with it.  
Being the top cell of a perovskite-silicon tandem solar cell is one of perovskite’s most 
importance applications. In order to do that, the perovskite layer has to be sandwiched by two 
transparent layers, which makes the device a bifacial solar cell. In this project, we successfully 
made a bifacial perovskite solar cell by depositing CdS:In and ZnO:Al on top of perovskite. 
The CdS:In buffer layer effectively protects perovskite from plasma attacking during ZnO:Al 
sputtering. By optimizing the thickness of CdS:In, we achieved 14+% efficiency with light 
coming either from the top or bottom. This was the second best bifacial perovskite solar cell 
in the field at that time. The ZnO:Al layer also provided a great encapsulation to protect 
perovskite, which greatly improved the perovskite lifetime in ambient air from less than 20 
minutes to more than 3 months. 
As the top cell of perovskite-silicon tandem, the photo-stability of perovskite layer is 
extremely important. Systematic experiment and detailed device data analysis were performed 
to understand its degradation mechanism. The photon-induced degradation data of perovskite 
solar cell suggested that its degradation mechanism is much different from that of a-Si and 
organic solar cells. We found the degradation of perovskite under light exposure is attributed 
viii 
 
to the generation and migration of ions. We proposed an ion-generation-migration model 
which explains every device behavior during the degradation and recovery process of 
perovskite solar cell. Quantitative relationship between performance degradation and ion 
density was investigated by transient ionic current measurement. We also provided two 
approaches to mitigate photon-induced degradation. By increasing the grain size or adding 
excess PbI2, the degradation was mitigated by 50% respectively. The ion density we calculated 
from transient ionic current also showed significant reduction by applying those approaches. 
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CHAPTER 1 
INTRODUCTION TO SOLAR ENERGY AND SOLAR CELL 
1.1 Introduction to Solar Energy 
Energy is the foundation for the development of the human civilization. Since the first 
industrial evolution, when the world energy consumption started to climb up, it has become 
the driving force behind technology development and innovation, which has transformed 
human lifestyle dramatically to the one we are having now. Especially after the end of World 
War II, there was a significant increase in energy consumption in industrialized and transition 
countries due to industrialization, urbanization, and technology boom. According to BP’s 
report in 20161, from 1965 to 2015, the world energy consumption has increased from 43 
petawatt-hour (PWh) to 153 PWh, which is plotted in Figure 1.1. As seen in the figure below, 
the growth of energy consumption every year is almost in a linear trend, and leads to a growth 
rate of about 2.2 PWh/year. This energy consumption growth is expected to continue since 
there are lots of developing countries among the world where energy hunger still exists. 
 
Figure 1.1: World energy consumption from 1965 to 20151. 
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 Despite significant improvement of renewable energy conversion efficiency and 
technology in the last several decades, most of the energy (~80%) we are using still comes 
from fossil fuels2, as shown in Figure 1.2. The burning of fossil fuels, especially unpurified 
coals, releases emissions and dusts to the environment. The emission of greenhouse gases is 
potentially a cause of global warming and climate change, which could tremendously impair 
the ecosystem and jeopardize the safety of human activity. The soot emission, on the other 
hand, is a great hazard to human health.  
 
Figure 1.2: Estimated renewable energy share of global final energy consumption in 20142. 
 
Renewable energy is a solution of solving energy hunger problem and mitigating 
environment impact of current energy system. Compared with other renewable energy types, 
solar energy has the advantage of better accessibility, low maintenance requirement, and low 
noise.  
As the most abundant energy source on earth, solar energy can theoretically provide as 
much as 89 petawatt (PW) of energy for human utilization. However, due to the geographical 
accessibility, the energy we can harvest with current technology is in the range of a few 
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thousand terawatt (TW)3. Nevertheless, this amount of energy is more than enough to meet the 
world energy consumption demand.    
 
1.2 Introduction to Solar Cell 
There are many ways to harvest solar energy. It can be converted directly into thermal 
energy, and one of applications is solar water heater. Another way is using concentrated solar 
power (CSP). CSP uses reflector arrays to concentrate sunlight onto a small area, in which 
solar energy is converted into heat and drives a heat engine (normally a steam engine) to 
generate electricity. Among all types of solar energy conversion technology, photovoltaics (PV) 
is the most popular and has the highest technical potential (~7500 TW)3.  
PV power generation employs multiple solar panels composed of a number of solar cells. 
Solar cells can convert solar energy into electricity directly.  
 
Figure 1.3: CSP system4 (left) and PV system5 (right). 
  
Despite the advantages brought by PV technology, PV was known as an expensive 
alternative to current fossil fuel, which limit its application. Fortunately, as shown in Figure 
1.4 (a), the price of PV has been dropped significantly in the last 40 years, from about 
100$/watt to 0.6$/watt6. The decrease of PV price has led to great increase of PV installation 
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worldwide. Especially after 1992, the installation shot up exponentially to a current level of 65 
GW7.   
 
Figure 1.4: (a) Solar panel price and global installation in the last 40 years6, (b) Exponential 
increase of solar panel installation after 19927. 
  
Despite vast improvement in worldwide PV installation, PV still accounts for a small 
portion in our current energy system; only about 1.2% of electricity we use comes from PV2.  
The reason behind it is still price. According to the annual report from US Energy Information 
Administration (EIA), the levelized cost of energy (LCOE) of PV is 12.5 ¢/KWh, which is 67% 
higher when compared with that of natural gas as we can see in Figure 1.5. 
LCOE is one of the primary metrics for the cost of electricity in utility industry. The 
calculation of LCOE considers all the cost during a system’s expected lifetime (initial 
investment, maintenance, fuel, transportation, etc.), and divided it by the system’s lifetime-
expected power output. The introduction of LCOE creates a uniform price calculation standard 
and makes the price comparison of different energy types possible. 
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Figure 1.5: Levelized Cost Of Energy (LCOE) for various sources of electricity as of June 20158. 
 
Figure 1.6 illustrates the cost benchmark of different size PV systems from 2009 to 20169. 
The PV module price still accounts for most of system cost (~25%-50%) although it has 
already decreased significantly in the last few decades. In order to make PV more competitive 
in our current energy system, there has to be a continuous reduction of module cost. According 
to US Department of Energy’s SunShot initiative, the goal is to reduce the price of PV power 
to less than 1$/watt by the end of 202010.  
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Figure 1.6: PV cost benchmark summary, Q4 2009-Q1 20169. 
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CHAPTER 2 
DEVICE PHYSICS OF SOLAR CELLS 
2.1 Introduction 
A solar cell is a semiconductor device which coverts solar energy directly to electric 
energy, and it is mostly made of a PN junction as shown in Figure 2.1. When light enters a 
solar cell, it will get absorbed and give rise to electron-hole pairs. Those electrons and holes 
will drift and diffuse, and get collected on the contacts of a solar cell, which would generate 
photo-current inside the solar cell. This is how we harvest solar energy by using a PN junction.  
 
Figure 2.1: Band diagram of a typical solar cell. This solar cell is made of a p+n junction. EC, EV, and 
EF are the conduction band, valence band, and Fermi level of the material respectively. 
 
Solar cells can be made with various structures. Generally, they can be categorized as 
two types, PIN and NIP. As shown in  Figure 2.2, in both cases, solar cell’s main layer (i-layer) 
is sandwiched by a p+ layer and a n+ layer. The difference between a PIN and a NIP structure 
is, in PIN structure, light comes from p+ side, while in NIP, it comes from n+ side.  
In either PIN or NIP structure, the i-layer is normally a lightly doped semiconductor with 
high absorption coefficient. Sometimes, it is also called as main layer since it absorbs most of 
photons in a solar cell. The p+ layer and n+ layer are heavily doped p-type and n-type 
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semiconductors. They are used to create high internal electric filed in the i-layer and make i-
layer fully depleted. Electrons and holes generated in the i-layer will drift under the effect of 
this electric field. Electrons will be collected in n+ layer while holes will be collected in p+ 
layer. Therefore, sometimes people call n+ layer as electron transport layer (ETL) and p+ layer 
as hole transport layer (HTL).  
 
Figure 2.2: Solar cell device structure, PIN (left) and NIP (right). 
 
Power conversion efficiency (PCE), or simply efficiency, is the most important 
parameter of a solar cell. It is defined as the ratio of maximum output power to the input power 
(solar irradiation power) of a solar cell. Efficiency of a solar cell is determined by multiple 
factors, among which the most important ones are the properties of absorbing material and 
device structure.   
 Figure 2.3 illustrates the basic operation of a solar cell. The solar cell efficiency depends 
on following processes: 
1) Generation process. Free electron-hole pairs are generated when light is absorbed 
in the solar cell. Those free carriers will lead to a photo-current when being 
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collected. Therefore, we want the generation rate to be as high as possible to 
achieve higher efficiency.  
2) Recombination process. Free electrons and holes annihilate each other, which is 
the reverse process of generation.  Recombination process reduces the carrier 
concentration in the solar cell, and leads to reduction of conversion efficiency. 
So, it is very much important to understand the recombination process, and 
design the solar cell correspondingly to minimize the recombination rate. 
3) Carrier transport. Free carriers not involved in the recombination will transport 
to the terminals of a solar cell and get collected. Depending on the electric field 
distribution and carrier concentration distribution, transport process can be either 
dominated by drift or diffusion. A careful design of transport process in a solar 
cell is critical to achieve high collection probability and thus high efficiency.  
 
Figure 2.3: Generation, recombination, and transport of carriers inside a solar cell. Free carriers 
are generated by generation process and annihilated by recombination process.  
 
2.2 Absorption 
Generation of free carriers originates from the absorption of photons. When a photon 
enters a material, it will excite an electron from a low-energy state to a high-energy state after 
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being absorbed. In a semiconductor, this state transition can be divided into two types, band-
to-band transition and transition through defect states. Band-to-band transition happens when 
the photon energy hv is higher than the bandgap, as shown in Figure 2.4. After absorbing the 
photon energy, an electron is excited from valence band to conduction band. The excess energy, 
hv-Eg, is dissipated as thermal energy while the excited electron collides with the lattice and 
finally relaxes to the bottom of conduction band. When the photon energy is less than the 
bandgap, transition of states can also be achieved through the trap states with the forbidden 
gap, which is shown in Figure 2.5. It can be done through either tail states or mid-gap states. 
This type of absorption provides us an effective way to probe the band structure of a 
semiconductor.   
 
Figure 2.4: Absorption of photon through band-to-band transition. 
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Figure 2.5: Absorption process through tail states and mid-gap states. 
 
Absorption coefficient is a parameter used to define how efficient a material absorbs 
photons. For a band-to-band transition, it can be considered in two kinds of situation: direct 
transition and indirect transition, as shown in Figure 2.6. In direct transition, only photon is 
involved, making it a momentum-conserving transition. While in indirect transition, a phonon 
will be involved to make a state transition with momentum change.  
The absorption coefficient of direct transition can be expressed as in the following 
equation11. 
𝛼 = 𝐴(ℎ𝑣 − 𝐸𝑔)
1
2                                                           (2.1) 
Where parameter A is correlated with the effective electron and hole masses. 
In indirect transition, the absorption coefficient would be11 
(1) When the transition involves phonon absorption 
𝛼 =  
𝐴(ℎ𝑣 − 𝐸𝑔 + 𝐸𝑝)
2
𝑒
𝐸𝑝
𝑘𝑇 − 1
                                                        (2.2) 
When the transition involves phonon emission, 
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𝛼 =  
𝐴(ℎ𝑣 − 𝐸𝑔 − 𝐸𝑝)
2
1 − 𝑒−
𝐸𝑝
𝑘𝑇
                                                      (2.3) 
Here, Ep is the energy of photon that is being absorbed or emitted. 
The absorption coefficient of transition through tail states or mid-gap states is normally 
very small due to their low density of states. However, it provides important information 
regarding the sub-gap states distribution, and can be expressed as 
𝛼 = 𝐴𝑒
ℎ𝑣
𝐸0     (2.4) 
Here, E0 is called Urbach energy
12, which correlate with the tail states and mid-gap states. 
When the light travels through the material, its intensity will gradually decrease due to 
the absorption.  
𝐼(𝑥) = 𝐼(𝑥 = 0)𝑒−𝛼𝑥     (2.5) 
Where I is the light intensity at distance x in the material.  
 
 
Figure 2.6: Absorption: (a): Direct allowed transition (b): Indirect transition. 
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2.3 Recombination 
As the reverse process of generation, recombination leads to the decrease of carrier 
concentration in the materials. Excited electrons will fall back to the valence band, and the 
energy will be released either in the form of photons, which is called radiative recombination, 
or phonons, which is called non-radiative recombination. Generally, as shown in Figure 2.6, 
there are three types of recombination, band-to-band recombination, trap-assisted 
recombination, and Auger recombination. They will be discussed in the following part. 
 
Figure 2.7: Recombination mechanisms: Band-to-band, trap-assisted, and Auger recombination. 
 
2.3.1 Band to band recombination 
In band-to-band recombination13,14, the electron falls directly from a conduction band 
state into a valence band state. A photon will be generated when the electron energy is released, 
which makes it a radiative recombination. 
The recombination rate can be expressed in the following equation: 
R = 𝑐𝐵(𝑛𝑝 − 𝑛𝑖
2)     (2.6) 
14 
 
Here, 𝑐𝐵is the recombination coefficient. n, p, and ni are the electron concentration, hole 
concentration and intrinsic carrier concentration respectively. 
When the material is under low level charge injection (small signal condition, ∆n, ∆p << 
n) and it is n-type doped (n>>p and n>>ni), equation (2.6) can be simplified as: 
R = 𝑐𝐵𝑛∆𝑝 =
∆𝑝
1/𝑐𝐵𝑛
=
∆𝑝
𝜏𝐵
                                                (2.7) 
Where 𝜏𝐵 =
1
𝑐𝐵𝑛
 is the minority lifetime. It is only controlled by the majority carrier 
(electrons in this example) concentration. 
When the material is under high level charge injection (large signal condition, ∆n, ∆p >> 
no, po), equation (2.6) would be simplified as: 
R = 𝑐𝐵∆𝑛∆𝑝 = 𝑐𝐵𝑛𝑝 = 𝑐𝐵𝑛
2 = 𝑐𝐵𝑝
2    (2.8) 
 
2.3.2 Trap-assisted recombination 
Trap-assisted recombination13 is also called Shockley-Read-Hall (SRH) recombination. 
In trap-assisted recombination, an electron and a hole will be annihilated when captured by a 
trap state together. It can happen either in the bulk of a semiconductor or on the interface. Trap-
assisted recombination can be expressed as follows13: 
R =
𝑛𝑝 − 𝑛𝑖
2
𝜏𝑝(𝑛 + 𝑛1) + 𝜏𝑛(𝑝 + 𝑝1)
                                               (2.9) 
Here, 𝜏𝑝 =
1
𝑐𝑝𝑁𝑇
 and 𝜏𝑛 =
1
𝑐𝑛𝑁𝑇
 are the minority carrier lifetime of holes and electrons 
respectively. 𝑛1 =  𝑛𝑖𝑒
(𝐸
𝑇′
−𝐸𝑖)/𝑘𝑇  and 𝑝1 =  𝑛𝑖𝑒
(𝐸𝑖−𝐸𝑇′)/𝑘𝑇  are computable constants and 
follow the rule 𝑛1𝑝1 = 𝑛𝑖
2. 
The minority lifetime, 𝜏𝑝 or 𝜏𝑛, is controlled by the defect density 𝑁𝑇. 
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When the device is under low level charge injection condition (small signal condition, 
∆n, ∆p << n), equation (2.9) will be simplified as: 
R =
∆𝑛
𝜏𝑛
= 𝑐𝑛 ∆𝑛 𝑁𝑇   (p type material)  (2.10) 
R =
∆𝑝
𝜏𝑝
= 𝑐𝑝 ∆𝑝 𝑁𝑇   (n type material)  (2.11) 
So, in low signal condition, trap-assisted recombination is determined by the minority 
carrier life lifetime, which is inverse proportional to the defects concentration.  
When the device is injected with large amount of charge (large signal condition, ∆n, 
∆p >> no, po), equation (2.9) can be expressed as: 
R =
∆𝑛
𝜏𝑛 + 𝜏𝑝
=
∆𝑝
𝜏𝑛 + 𝜏𝑝
                                                     (2.12) 
In this case, the effective lifetime, 𝜏 = 𝜏𝑛 + 𝜏𝑝 , is larger than that in small signal 
condition. This is the part where trap-assisted recombination is different from band-to-band 
recombination. 
 
2.3.3 Auger recombination 
In an Auger recombination13 process, the energy released by a band-to-band transition 
or trap-assisted transition will give rise to the excited free electron in the conduction band. This 
high-energy electron will lose its energy while colliding with the lattice, and finally relaxes to 
the conduction band. Auger recombination usually happens in degenerate semiconductor or a 
high-level injection condition where free carriers are in high concentration.  
Auger recombination rate can be expressed in the following format: 
R = 𝑐𝐴𝑛(𝑛𝑝 − 𝑛𝑖
2)     (𝑛 𝑡𝑦𝑝𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)    (2.13) 
R = 𝑐𝐴𝑝(𝑛𝑝 − 𝑛𝑖
2)     (𝑝 𝑡𝑦𝑝𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)    (2.14) 
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In a n-type material with low-level injection, Auger recombination rate equation can be 
reduced to 
R = 𝑐𝐴𝑛𝑜
2∆𝑝 =
∆𝑝
1/𝑐𝐴𝑛𝑜2
=
∆𝑝
𝜏𝑝
                                             (2.15) 
It shows that Auger recombination rate is a quadratic function of doping concentration. 
This is the reason Auger recombination dominates in materials with high carrier concentration. 
 
Generally, all three types of recombination can happen at the same time. Therefore, the 
overall minority lifetime would be  
1
𝜏
=
1
𝜏𝐵
+
1
𝜏𝑇
+
1
𝜏𝐴
                                                         (2.16) 
Where 𝜏𝐵, 𝜏𝑇, and 𝜏𝐴 are band-to-band, trap-assisted, and Auger recombination lifetime. 
 
2.4 Charge Collection 
Charge collection mechanism consists of diffusion-based transport and drift-based 
transport13,15. Diffusion-based transport is driven by the gradient of carrier concentration in the 
semiconductor while drift-based transport is powered by the electric field in the material. Since 
a solar cell is biased at maximum-power condition during operation where the electric filed 
along the device is significantly smaller than that in short-circuit condition, it is mostly 
dominated by diffusion-based transport. For the device with poor diffusion length, charge 
collection can be significantly improved by replacing diffusion-based transport with drift-
based transport. 
When considering both diffusion-based and drift-based charge transport, the transport 
equation can be written in the following form. 
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∂∆n
∂t
= 𝐷′
𝜕2∆n
∂𝑥2
+ 𝜇′𝜀
∂∆n
∂x
+ 𝐺 − 𝑅                                       (2.17) 
Where ∆n is the excess electron concentration, 𝐷′ is the ambipolar diffusion coefficient, 
𝜇′  is the ambipolar mobility, 𝜀  is the electric field, G and R are the generation and 
recombination rate, respectively. 
Ambipolar diffusion coefficient and ambipolar mobility are expressed as 
𝜇′ =
𝜇𝑛𝜇𝑝(𝑝 − 𝑛)
𝑛𝜇𝑛 + 𝑝𝜇𝑝
                                                         (2.18) 
𝐷′ =
𝑛𝜇𝑛𝐷𝑝 + 𝑝𝜇𝑝𝐷𝑛
𝑛𝜇𝑛 + 𝑝𝜇𝑝
                                                   (2.19) 
In a p-type semiconductor with low-level charge injection, equation (2.17) can be 
expressed as 
∂∆n
∂t
= 𝐷𝑛
𝜕2∆n
∂𝑥2
+ 𝜇𝑛𝜀
∂∆n
∂x
+ 𝐺 −
∆n
𝜏𝑛
                                   (2.20) 
Similar change can be also applied for n-type semiconductor 
∂∆p
∂t
= 𝐷𝑝
𝜕2∆p
∂𝑥2
− 𝜇𝑝𝜀
∂∆p
∂x
+ 𝐺 −
∆p
𝜏𝑛
                                   (2.21) 
From both equation (2.20) and (2.21), we found that the transport process in solar cell is 
controlled by minority carriers instead of majority carriers. 
 
2.4.1 Diffusion-based transport 
In both equation (2.20) and (2.21), the first term in the right-hand side of the equation 
represents the diffusion-based transport process. If we consider a sample with no charge 
generation and assume that there is no electric field in the material, which eliminate the second 
18 
 
term in the right-hand side of the equation, equation (2.20) under steady state will be reduced 
to 
∂∆n
∂t
= 𝐷𝑛
𝜕2∆n
∂𝑥2
−
∆n
𝜏𝑛
= 0                                              (2.22) 
The solution will be  
∆n = ∆n(x = 0)𝑒
−
𝑥
𝐿𝑛                                                   (2.23) 
Here, 𝐿𝑛 = √𝐷𝑛𝜏𝑛 is the minority diffusion length. 
From equation (2.23), we can see that the minority carrier concentration will decay 
exponentially under diffusion-based transport. When the diffusion length 𝐿𝑛 is significantly 
large than the device thickness t, there will not be too much minority carrier loss if we compare 
∆n(x = t) with ∆n(x = 0).  
 
2.4.2 Drift-based transport 
For solar cells with high diffusion length, diffusion-based transport can be enough to 
assure high charge collection probability. However, in solar cells with low diffusion length, 
such as organic solar cells, we need electric field (drift-based transport) to improve the charge 
collection. 
If we only consider the effect of electric field under steady state condition, equation (2.21) 
can be expressed as 
∂∆p
∂t
= 𝜇𝑝𝜀
∂∆p
∂x
−
∆p
𝜏𝑝
= 0                                                (2.24) 
The solution gives 
∆p = ∆p(x = 0)𝑒
−
𝑥
𝑅𝑝                                                     (2.25) 
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Where 𝑅𝑝 = 𝜇𝑝𝜏𝑝𝜀 is the drift range of minority holes
16. Notice that equation (2.25) is 
in the same form with equation (2.23), and the only difference is we used drift range 𝑅𝑝 instead 
of diffusion length 𝐿𝑛. 
When both diffusion-based transport and drift-based transport exist, a critical electric 
filed17 is defined as 
𝜀𝑐 =
𝑘𝑇
𝑞𝐿𝑝
                                                                 (2.26) 
Which is the electric filed when 𝐿𝑝 = 𝑅𝑝 
So, when the electric filed 𝜀 > 𝜀𝑐 , carrier transport is dominated by drift, and when 
𝜀 < 𝜀𝑐, carrier transport is dominated by diffusion. 
Drift-based transport is extremely important in materials with low minority diffusion 
length, such as amorphous silicon and organics polymers. In a solar cell made of those 
materials, we have to create a strong internal electric field to promote charge transport by 
sandwiching the i-layer with p+ and n+ layer, which is a p-i-n structure shown in Figure 2.8. 
The direction of electric field created by this p-i-n structure is from right to left. So, when the 
electron-hole pairs are generated in the a-Si i-layer, those electrons and holes will be swept 
towards the n+ layer and p+ layer respectively before recombining with each other. Figure 2.9 
illustrates how electric field (drift-based transport) helps minority transport in a semiconductor 
with low diffusion length. It depicts the carrier density distribution in a uniform bar with holes 
injected at x=0 and electric field applied only at x>0. With the help of drift-based transport, 
the carrier density decays much slower in the region where x>0. 
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Figure 2.8: Amorphous silicon solar cell with p-i-n structure: Internal electric field promotes 
electrons and holes transport. 
 
 
Figure 2.9: Carrier density in a uniform bar with holes injected at x=0 and electric field applied only 
at x>0. 
 
 
2.5 Shockley-Queisser (SQ) limit 
In the last three sections, the generation, recombination, and transport of free carriers 
have been discussed. So, under standard solar illumination, the efficiency of a solar cell can be 
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calculated by using the generation, recombination and transport equations with proper 
assumptions. This work was done by Shockley and Queisser in 196118.  In their calculation, 
they only considered absorption loss, black-body radiation loss, and radiative recombination, 
which set the upper limit for the achievable solar cell efficiency. The result of their work is 
depicted in Figure 2.10. The maximum efficiency increases with bandgap and reaches the 34% 
at bandgap of 1.34 eV, then it decreases with bandgap due to absorption loss.  
 
 
Figure 2.10: Maximum efficiency vs. bandgap for single junction solar cell19.  
Figure 2.11 shows how the energy loss is distributed at each bandgap. When the bandgap 
is less than 1.34 eV, most of the energy loss originates from the relaxation process. When the 
bandgap is higher than 1.34 eV, the energy loss is dominated by absorption loss.  
There are multiple ways to push the solar cell efficiency over the Shockley-Queisser 
limit. A common method is to use a tandem structure which will be discussed later. Other 
proposed methods include concentrated photovoltaics, photon upconversion, hot electron 
capture, et al.  
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Figure 2.11: Proportion of different energy loss mechanism vs. bandgap19. 
 
In this chapter, we have covered the basic operation mechanism of solar cells and 
discussed how the generation, recombination and transport process affect the overall efficiency. 
We also talked about how the single junction solar cell efficiency is limited by multiple loss 
mechanisms.  
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CHAPTER 3 
DEVICE CHARACTERIZATION OF SOLAR CELLS 
3.1 Introduction 
The electronic and optoelectronic properties are among the top interests when we study 
solar cells. By using proper device characterization techniques, we can study the material 
property, understand the device operation, and troubleshoot the problems in the solar cell.  
In this chapter, I will discuss some important device characterization techniques used in 
our research.  
 
3.2 Current-Voltage (IV) Measurement 
Current vs. voltage (IV) measurement is one of the most basic measurement in 
semiconductor devices. This measurement is done by measuring the current flowing through 
the device while varying the voltage across it. 
Before talking about the IV measurement in solar cell, I will introduce the equivalent 
circuit model of solar cells to give an insight of how this measurement works.  
Figure 3.1 shows the equivalent circuit of a solar cell with a double-diode model. In this 
circuit, IL is the generated photo-current; RS and RSH are the series and shunt resistant 
respectively; those two diodes represent bias dependent recombination in the solar cell.  
If we apply a bias V across the circuit, the current I can be expressed as 
I = 𝐼01𝑒
𝑉−𝐼𝑅𝑆
2𝑘𝑇/𝑞 + 𝐼02𝑒
𝑉−𝐼𝑅𝑆
𝑘𝑇/𝑞 +
𝑉 − 𝐼𝑅𝑆
𝑅𝑆𝐻
+ −𝐼𝐿                                (3.1) 
Here, 𝐼01 and 𝐼02 are the diode saturation currents. Equation (3.1) is the fundamental 
equation that governs the current response of a solar cell in both light and dark condition. 
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Figure 3.1: Equivalent circuit of solar cells with double-diode model under illumination. 
 
3.2.1 Light IV measurement 
Light IV is the measurement we use to determine the efficiency of a solar cell. When the 
solar cell is illuminated, it will generate photo-current IL. In this case, according to equation 
(3.1), the IV curve we get will be the red curve in Figure 3.2. There are four important 
parameters in an IV curve. The first one is open-circuit voltage Voc, which is the voltage when 
the current is 0. The second on is short-circuit current Isc, which is the current when the voltage 
across the device is 0. The output power of a solar cell is calculated as P = I ∗ V. Then, we can 
plot the solar cell output power vs. voltage, which is the blue curve in Figure 3.2. Clearly, it is 
voltage dependent, and this is the reason we have to match the impedance to achieve maximum 
output power when using solar cell in daily life. The third parameter, fill factor (FF), is to 
describe how square the IV curve is, which is defined as 
Fill facto (FF) =
𝑃𝑚𝑎𝑥
𝑉𝑜𝑐 ∗ 𝐼𝑠𝑐
=
max(𝐼 ∗ 𝑉)
𝑉𝑜𝑐 ∗ 𝐼𝑠𝑐
                                      (3.2) 
Fill factor also equals to the area ratio of A and B in Figure 3.2. The last parameter, efficiency, 
which is the most parameter of a solar cell, is defined as 
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𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑚𝑎𝑥
𝑃𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
=
max (𝑉 ∗ 𝐼)
0.1𝑊/𝑐𝑚2
=
𝑉𝑜𝑐 ∗ 𝐼𝑠𝑐 ∗ 𝐹𝐹
𝑎𝑟𝑒𝑎 ∗ 0.1𝑊/𝑐𝑚2
                         (3.3) 
 
 
Figure 3.2: Light IV curve and output power vs. voltage curve of a solar cell20. 
 
Light IV measurement is also a powerful tool to figure out the resistance problem in a 
solar cell. According to equation (3.3), in order to achieve higher efficiency, we want the 
product of Voc, Isc, and FF to be as high as possible. Voc and Isc are mostly determined by 
material property and device structure. FF is strongly affected by the series resistant RS and 
shunt resistance RSH in Figure 3.1. 
According to equation (3.1) and under the assumption that IL is a constant and does not 
change with bias, the RS and RSH term in the equation can be expressed as the slope of the IV 
curve at open-circuit point and short-circuit point, which are 
𝑅𝑠 =
𝜕𝑉
𝜕𝐼
|
𝑉=𝑉𝑜𝑐
                                                            (3.4) 
𝑅𝑆𝐻 =
𝜕𝑉
𝜕𝐼
|
𝑉=0
                                                              (3.5) 
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Figure 3.3 depicts the difference of IV curve between an ideal solar cell and a solar cell 
with resistance problem. The red curve (solar cell with resistance problem) has much lower fill 
factor when compared to the ideal one. In an ideal solar cell, the series resistance 𝑅𝑠 = 0, and 
the shunt resistance 𝑅𝑆𝐻 = ∞. If the series resistance increase, the part of IV curve close to the 
open-circuit voltage will tilt to the left. If the shunt resistance decreases, the part close to the 
short-circuit point will drop, as shown in Figure 3.3. 
In this way, we can calculate the shunt resistance and series resistance by measuring the 
light IV of a solar cell. 
 
Figure 3.3: Comparison between the IV curve of an ideal solar cell (blue curve) and that of a solar 
cell with resistance problems (red curve)20. 
 
3.2.2 Dark IV measurement 
Dark IV can also be used to calculate series resistance and shunt resistance. It provides 
better accuracy than the resistance calculation from light IV curve since the light IV curve can 
also be affected by other factors. For example, if the device suffers from low diffusion length, 
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and the solar cell has low charge collection, the IV curve will shift down even it does not have 
resistance problem, which would result in underestimate 𝑅𝑆𝐻 and overestimate 𝑅𝑠 if we use 
light IV measurement. This issue will not happen when we use dark IV to estimate 𝑅𝑆𝐻 and 
𝑅𝑠. 
Dark IV is also a powerful tool to analyze the recombination process in the solar cell. 
When we apply a bias across the solar cell in the dark, the current following through the device 
should be 
I = 𝐼01𝑒
𝑉−𝐼𝑅𝑆
2𝑘𝑇/𝑞 + 𝐼02𝑒
𝑉−𝐼𝑅𝑆
𝑘𝑇/𝑞 +
𝑉 − 𝐼𝑅𝑆
𝑅𝑆𝐻
                                         (3.6) 
The only difference between equation (3.1) and (3.6) is the photo-current term IL. 
A typical dark IV curve is depicted in Figure 3.4. When the applied bias is low (normally 
0-0.1 V), the dark current is dominated by the shunt current, which is the third term on the 
right-hand side of equation (3.6). Generally, low shunt resistance results from the pinholes in 
the i-layer or unwanted shunt path in the solar cell. When the applied bias goes higher, there 
will be two exponential regions, which are governed by those two exponential terms in 
equation (3.6). When the bias goes even higher, the dark current will be saturated and limited 
by the series resistance.  
Since the low bias region and high bias region are dominated by shunt resistance and 
series resistance respectively, we can extract the information about them from those two 
regions. Resistance calculation from dark IV is much more accurate than that from light IV 
because no other factors affect the current in the dark IV measurement.  
The first exponential region has an ideality factor of 2. This is the current dominated by 
the recombination in the depletion region of a solar cell. The pre-factor of this term, 𝐼01, is the 
diode saturation current, and it contains the information of minority lifetime in the depletion 
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region, as shown in equation (3.7)21. So, we can use the first exponential region to estimate the 
minority lifetime in the solar cell.  
The second exponential term is dominated by the recombination in the neutral region, 
and give an ideality factor of 1. The saturation current in this region, expressed in equation 
(3.8) 14,21, also gives us information about the recombination rate.  
𝐼01 =
𝑞𝐴𝑛𝑖𝑥
′
2𝜏
                                                                  (3.7) 
𝐼02 = 𝑞𝐴 [
𝐷𝑛𝑛𝑝0
𝐿𝑛
+
𝐷𝑝𝑝𝑛0
𝐿𝑝
]                                                    (3.8) 
In the above two equations, 𝑛𝑖 is the intrinsic carrier concentration; 𝑥
′ is effective width 
of depletion layer; 𝜏 is the SRH recombination lifetime in the depletion region; 𝐷𝑛 and 𝐷𝑝 are 
the diffusion coefficient of electrons and holes; 𝐿𝑛 and 𝐿𝑝 are the minority diffusion length of 
electrons and holes; 𝑛𝑝0 and 𝑝𝑛0 are the minority concentration in the neutral region.  
 
Figure 3.4: Dark IV curve can be used to give information about recombination process and 
resistance problem in a solar cell. 
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3.3 Quantum Efficiency  
External Quantum efficiency (EQE) is a tool to diagnose the photon absorption and 
charge collection problems in solar cells. It is defined as the ratio of collected carriers to the 
number of incident photon at each wavelength: 
EQE =
# 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 (𝜆)
# 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (𝜆)
                                         (3.9) 
EQE, or QE for short, is a quantity shows how efficiently photons are harvest by the 
solar cell at each wavelength. It gives us very important information on the location of carrier 
loss, and let us know in which place we should optimize the solar cell device. 
Figure 3.5 shows the schematic of QE measurement setup we used in our lab. A white 
halogen bulb is used to generated photons with multiple wavelengths. Monochromator and 
optical filters are used in order to get photons with specific wavelength. By setting an 
appropriate incident angle, desired wavelength can pass through the monochromator after 
being diffracted on the slits. The optical filter is used to block the unwanted harmonics 
generated by higher orders of light diffraction in the monochromator.  An optical chopper is 
used to convert the D.C light signal to A.C signal. Normally, a chopper with 13 Hz frequency 
is used to minimize the noise from the surrounding environment. Electrical signal from 
D.U.T. is collected and sent to the pre-amplifier. After that, a lock-in amplifier is used to 
reduce the noise by synchronizing the signal with the chopper. DC light bias and voltage bias 
can also be used if we want to do the measurement under different condition.  
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Figure 3.5: Schematic of QE measurement setup. D.U.T is the either a reference solar cell or a 
sample22. 
 
QE is one of the most important measurements in solar cell device characterization and 
diagnosis. Ideally, the QE signal should be 100%, which is the brown curve in Figure 3.6. 
However, in reality, solar cells will suffer from different kind of energy loss, such as 
absorption loss and recombination loss. A typical QE is depicted as the black curve in Figure 
3.6. We can notice a significant signal reduction in the short wavelength region and long 
wavelength region. Signal loss in QE measurement can be due to many reasons, and 
therefore we should analyze the QE data based on the device structure and material 
properties of that solar cell. In Figure 3.6, the signal loss in the short wavelength region could 
be attributed to the parasitic absorption in the front layers or the front surface recombination. 
The signal loss in the long wavelength region could be because of insufficient main layer 
thickness and thus inadequate absorption. The overall reduction in QE signal could result 
from the reflection loss or low diffusion length in the main layer. Beyond a specific 
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wavelength, there will be no QE signal because of no absorption. That region can be used to 
determine the bandgap of the main layer material.   
 
Figure 3.6: An ideal QE curve and a typical QE curve23 . 
 
With theoretical analysis on a finite solar cell with back surface recombination, the QE 
can be expressed in the following form15 
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  (3.10) 
As we can see the equation (3.10), QE measurement can tell us a lot of information about 
the solar cell by fitting this equation to the measurement data, including the back-surface 
recombination velocity and diffusion length.  
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 Equation (3.10) can also be simplified in some practical circumstances.  
When the solar cell is illuminated by high energy photons which has high absorption 
coefficient in the solar cell.  
In this case, t ≫ L, αL ≫ 1. Equation (3.10) can be reduce as 
QE =  
𝛼𝐿
1 + 𝛼𝐿
                                                          (3.11) 
If we plot QE vs. absorption coefficient 𝛼, we can calculate the diffusion length from the 
slope of the curve. There are also other methods to extract diffusion length form QE 
measurement, which will be discussed in the later chapter.  
 
3.4 Sub-gap Quantum Efficiency 
Sub-gap quantum efficiency (QE) is a method used to explore the mid-gap density of 
states distribution in a semiconductor. Figure 3.7 shows the density states distribution of a 
material with lattice disorder24. Tail states and mid-gaps states exist inside the bandgap where 
the former one follows an exponential distribution and the later one follows a Gaussian 
distribution. Since defects distribution is critical in analyzing the recombination in the device, 
knowing sub-gap density of state distribution will help us understand semiconductor device 
behavior. 
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Figure 3.7: Density of states in a semiconductor with exponentially distributed tail states and 
Gaussian distributed mid-gap states24. 
 
Sub-gap QE measurement is done in a similar setup with QE measurement. A typical 
sub-gap QE curve of perovskite solar cell is shown in Figure 3.8. When the photon energy 
drops below the bandgap energy (1.6 eV), we see an exponential decrease in QE signal, which 
correspond to the absorption through tail states, as shown in Figure 3.9. This type of absorption 
follows Urbach’s rule we discussed in Chapter 2.2. We can calculate the Urbach energy E0 by 
taking the slope in this region. Urbach energy provides us an information of how much disorder 
exists in the material. The Urbach energy we get in perovskite is around 16 meV, which is 
much lower than that in organic polymers and a-Si (about 50 meV). This tells us that perovskite 
is much more crystalline when compared with organic materials. When the photon energy 
decreases even further (less than 1.5 eV), the states-transition mechanism will switch to mid-
gap state transition, which is shown in Figure 3.9.  
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Figure 3.8: Sub-gap QE of perovskite solar cell. 
 
 
Figure 3.9: Sub-gap states transition: Transition through tail states and transition through mid-gap 
states. 
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3.5 Capacitance vs. Voltage 
Capacitance vs. voltage (CV) is one of basic measurement for PN junction14. It can be 
used to measure the dopant density and depletion width of a PN junction.  
The band diagram of PN junction is shown in Figure 3.10, where EC is the conduction 
band; EV is the valance band; EF is the fermi level; ET is the doping level, and Wd is the 
depletion width. 
 
Figure 3.10: Band diagram of a PN junction with depletion width Wd. 
 
The depletion capacitance of a PN junction can be expressed as 
𝐶 =
𝜖
𝑊𝑑
= √
𝑞𝜖𝑁𝐴
2(𝑉0 − 𝑉)
                                                   (3.12) 
Where 𝜖 is the dialectic constant of the material, 𝑁𝐴 is the dopant density, and 𝑉0 is the 
built-in voltage of the PN junction.  
If we plot 
1
𝐶2
 𝑣𝑠. 𝑉, we should get a linear curve shown in Figure 3.11. The slope of the 
curve is proportional to 
1
𝑁𝐴
, and we can extract the dopant density from it. The intercept of 
curve with x-axis is where the built-in voltage is.  
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Figure 3.11: Ideal CV data of a PN junction with doping density of NA and built-in voltage of Vo. 
 
However, in reality, the slope of the curve would change in most cases. Figure 3.12 
shows the CV data of nanocrystalline silicon (nc-Si) solar cell at different frequencies25. 
Clearly, in each set of data points, we can observe two linear regions with different slopes. 
This was explained by Kimerling26 in 1974 that the slope at low bias is attributed to the density 
of shallow defects while the slop at high bias is due to the density of both shallow and deep 
defects. In this case, by scanning the voltage across both low bias and high bias region, we can 
calculate density of shallow defect and deep defect respectively.  
At the same time, if we increase the AC signal frequency, deep defect cannot follow the 
drive voltage, and only shallow defects contribute to the overall capacitance. We can observe 
the decrease of capacitance with increasing frequency in  Figure 3.12.  
At very high frequency (100 kHz), the measured capacitance consists of only geometrical 
capacitance (𝐶𝑔 =
𝜖𝐴
𝑡
) under reverse bias, where the PN junction is completely depleted. If we 
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know the dielectric constant 𝜖 and device area A, the geometrical capacitance we obtained in 
CV measurement can be used to calculate main layer thickness t.  
 
 
Figure 3.12: CV data of nc-Si solar cell at different frequencies25. 
 
3.6 Capacitance vs. Frequency and Temperature 
Capacitance vs. frequency and temperature (CFT) is a powerful tool to measure the 
density state distribution, the attempt-to-scape frequency, traps activation energy, etc27.  
Before talking about CFT measurement, let us first introduce capacitance vs. frequency 
(CF) measurement. 
In CF measurement, the capacitance of the sample is measured when we vary the AC 
signal frequency. This measurement will give us the density of state distribution within the 
bandgap of the semiconductor, which is an extremely important parameter we use to analyze 
the recombination process and photo-degradation mechanism of solar cells in the following 
chapters.  
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For a defect state located at ET, the emission rate of electrons from the trap states to the 
conduction band follows the equation13,28 
𝑒𝑛 = 𝑣0𝑒
−(𝐸𝑐−𝐸𝑇)/𝑘𝑇      (3.13) 
Where 𝑒𝑛 is the emission rate of electrons, and 𝑣0 is the attempt-to-escape-frequency 
(ATEF). 
Equation (3.13) is the basic equation to understand capacitance spectroscopy. When the 
device is under an AC bias, the electrons on the traps states can follow the bias signal 
depending on where the traps states are and how fast the AC bias alters (AC frequency). 
According to equation (3.13), we can see that the emission rate of electrons will decrease in an 
exponential rate when the trap state goes deeper into the bandgap, which means deeper trap 
states have slower emission rate. Figure 3.13 shows how the traps states transition follows the 
external bias signal. If the emission rate of electrons is higher than the frequency of AC bias, 
the electrons in the traps can respond and charge and discharge with the external bias signal, 
which leads to an increase in the capacitance of the device. However, if the emission rate of 
electrons is low than the frequency of AC bias, they will not follow external bias and cannot 
contribute to the capacitance. In this case, the capacitance measured using CF method is only 
from the trap-state transitions that are fast enough to follow the bias signal. 
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Figure 3.13: Shallow traps can follow high frequency external bias signal due to their fast emission 
rate while deep traps cannot22. 
 
Then, how do we determine the range of trap state levels that can respond to external 
bias, or how deep in the bandgap can we probe by using CF measurement? 
The “probing depth” is determined by demarcation energy 
𝐸𝜔 =
𝑘𝑇
𝑞
ln (
𝜔0
𝜔
)                                                        (3.14) 
Where 𝜔0 is the angular ATET, which equals to 2𝜋𝑣0, 𝜔 is the angular frequency of 
applied AC bias. 
So, only the trap states within the demarcation energy level can contribute to the 
capacitance in CF measurement. By lowing the “probe frequency” 𝜔, we can increase the 
demarcation energy 𝐸𝜔 and detection range, which would increase the capacitance.  
The density of states (DOS) is calculated by taking the derivative of capacitance to the 
frequency of applied bias. 
𝑁𝑇(𝐸𝜔) = −
𝑉𝑏𝑖
𝑞𝑊
𝑑𝐶
𝑑𝜔
𝜔
𝑘𝑏𝑇
                                              (3.15) 
Here, 𝑉𝑏𝑖 is the built-in voltage of the device, 𝑊 is the depletion width. 
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A typical CF curve and DOS distribution of perovskite solar cell are shown in Figure 
3.14. 
 
Figure 3.14: Capacitance vs. frequency curve of perovskite solar cell (left) and corresponding DOS 
distribution (right). 
  
In order to calculate the DOS using CF measurement, there are two parameters, ATEF 
𝑣0 and trap level 𝐸𝑐 − 𝐸𝑇, which are still unknown in equation (3.13). 
Those two parameters can be obtained with the help of CFT measurement, which is 
basically a CF measurement under different temperature. 
ATEF 𝑣0 can be expressed as
29,30 
𝑣0 = 𝑁𝑐𝑣𝑡ℎ𝜎𝑛         (3.16) 
Where 𝑁𝑐 is the effective density of states in the conduction band and 𝜎𝑛 is the capture 
cross section of the trap. 
Since 𝑁𝑐 ∝ 𝑇
3
2 and thermal velocity 𝑣𝑡ℎ ∝  𝑇
1/2, the ATEF 𝑣0  ∝  𝑇
2. 
In this case, equation (3.13) can be modified as 
ln (
𝑒𝑛
𝑇2
) = ln(ξ) −
𝐸𝐴
𝑘𝑇
                                                     (3.17) 
𝐸𝐴 is the activation energy of the trap states, which equals to 𝐸𝑐 − 𝐸𝑇, and ξ is a constant. 
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If we plot ln (
𝑒𝑛
𝑇2
)  𝑣𝑠.  
1
𝑘𝑇
, we can get an Arrhenius plot from which we can calculate the 
activation energy and ATEF.  
Figure 3.15 is the CFT data of a P3HT based organic solar cell31. As we can see, the 
capacitance increases with temperature due the increase of emission rate at high temperature. 
In the right figure, f×dC/df vs. f is plotted, and we can find the peak frequency fpeak, which 
corresponds to the emission rate. 
In Figure 3.16, by fitting the ln(fpeak/T
2) vs. 1/T plot, we can calculate the activation 
energy by taking the slope of the curve, which is 210 meV. The intercept yields an ATEF of 
109 Hz. 
 
Figure 3.15: CFT data of P3HT based organic solar cells (left) and corresponding 𝑓×𝑑𝐶/𝑑𝑓 vs. 𝑓 
plot (right)31. 
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Figure 3.16: Arrhenius plot of ln(fpeak/T
2) vs. 1/T. fpeak is the frequency where the DOS is the 
maximum. The slope gives an activation energy of 210 meV and the intercept yields an ATEF of 109 
Hz31. 
 
3.7 Photo-conductivity Measurement 
Photo-conductivity measurement can be used to calculate the μτ product of a material. 
μτ product has directly relation with diffusion length, which is one of the most important 
parameter for solar cell.  
Photo-conductivity measurement is done by measuring the conductivity of the sample 
under dark and under light illumination.  
  In order to measure conductivity, we can deposit two metal bars with length L and 
width W on top the sample, as shown in Figure 3.17. 
When the sample is placed in the dark, the conductivity we measure is called dark-
conductivity, which can be expressed as follows. 
𝜎𝐷 = qμn                                                              (3.18) 
Photo-conductivity is measured when the sample is exposed to the light, and it can be 
written as 
𝜎𝐿 = qμ(n + ∆n)                                                       (3.19) 
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In this case, we can calculate μτ  product from the difference of dark and light 
conductivity. 
μτ =
∆𝜎
𝑞𝐺
=
𝜎𝐿 − 𝜎𝐷
𝑞𝑁𝑎𝑏𝑠
𝑡
                                                    (3.20) 
Here, G is the generation rate, t is the sample thickness, and 𝑁𝑎𝑏𝑠  is the number of 
absorbed photons in the sample, which can be calculated from the following equation. 
𝑁𝑎𝑏𝑠 = 𝑁0(1 − 𝑅)𝑒
−𝛼𝑡                                              (3.21) 
Where 𝑁0 is the photon flux from the light source, R is the reflection of the sample, and 
𝛼 is the absorption coefficient. 
 
Figure 3.17: Schematic of sample structure for conductivity measurement. 
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CHAPTER 4 
PEROVSKITE SOLAR CELLS 
4.1 Introduction 
As what we show in Chapter 1, the manufacture cost of silicon-based solar cells has been 
significantly reduced in the recent few decades. In order to make solar cell widely adopted, the 
price has to be decreased even further. However, currently, there is not too much room for 
price reduction for silicon solar cells. A new generation of photovoltaics is expected to replace 
the old types of solar cells. Perovskite solar cell is the one we are looking for, which offers 
both lower price and high energy conversion efficiency.   
Perovskite or more specifically, lead-halide perovskite, is a semiconductor follows 
ABX3 structure as shown in Figure 4.1
32. In this structure, A and B are cations while X is 
halide. In order to form a perovskite structure, the ionic radii of A, B, and X have to follow the 
octahedral and tolerance factor rules33, which is shown as follows. 
Tolerance factor:  0.81 < t =
𝑅𝐴+𝑅𝑋
√2(𝑅𝐵 + 𝑅𝑋)
< 1.11 
Octahedral factor:  0.44 < μ =
𝑅𝐵
𝑅𝑋
< 0.9 
In the octahedral and tolerance factor range, the allowed material combinations are 
shown in Figure 4.2, where is MA is the short name of methylammonium (CH3NH3
+), and EA 
is ethylammonium (CH3CH2NH3
+). Actual possible combinations are more than what are 
shown in Figure 4.2. The A cation in the structure could also be formamidinium (FA, 
NH2CH=NH2
+) and Cesium (Cs). The B cation could either be Lead (Pb) or Tin (Sn). X anion 
is halide (I, Cl, and Br). This great amount of combination offers perovskite excellent 
flexibility in material properties, which will be discussed in the following section. 
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Figure 4.1: Lattice structure of perovskite. For lead-halide perovskite, A is normally organic cation, 
B is Lead or Tin, and X is halide32.  
 
 
Figure 4.2: Materials combinations for lead-halide perovskite, which follow the allowed octahedral 
and tolerance factor region32. 
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This type of organic-inorganic halide perovskite was discovered more than 100 years 
ago34. This material was first applied in the thin-film transistors and LEDs35,36.  The first report 
on using perovskite as photovoltaic material was from Miyasaka’s group37,38. In 2006, a 2.2% 
device was achieved by using CH3NH3PbBr3 as the absorbing material
37. After replacing Br 
with I, they were able to increase the efficiency to 3.8% in 200938. Park and co-workers, by 
using TiO2 as n-type layer, achieved and efficiency of 6.5% in 2011
39. But at that time, they 
were using a liquid electrolyte which resulted in rapid device degradation. In 2012, Park and 
Grätzel introduced spiro-MeOTAD as the solid-state hole transport layer and improved the cell 
efficiency to 9.7%40. Later on , Seok’s group boost the efficiency to 12.3% by using mix-halide 
perovskite41. Perovskite solar cell still did not attract too much attention in the research field 
until two important papers were published in middle 2013, both of which reported efficiency 
over 15%. The first one was from Grätzel’s group42. They used mesoporous TiO2 scaffold and 
introduced two-step solution process, which greatly improved the perovskite morphology.  The 
second one was from Snaith’s group. Instead of using solution process, they were the first 
group to use vapor deposition to grow perovskite43. After the Materials Research Society (MRS) 
meeting in 2013 Fall, great number of research groups joined the research of perovskite solar 
cells and significantly boosted the speed of efficiency improvement. The efficiency record was 
refreshed frequently from groups to groups, and now 20+% efficiency has been achieved by 
several groups44,45.  
Understanding the material property of perovskite is the first step for device physics, 
device optimization, and device degradation study of perovskite solar cell. In this Chapter, I 
will talk about our research progress on the study of perovskite material properties and 
formation mechanism.  
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4.2 Fabrication Process 
4.2.1 Fabrication methods and device structure 
One of the advantages of perovskite is that it can be made by lots of methods. Generally, 
those methods can be divided into two categories, solution process or vapor process, which are 
shown in Figure 4.3. In solution process, the perovskite raw materials are dissolved in an 
organic solvent (Mostly DMF). Solution process can be done in multiple ways, such as one-
step solution process46, two-step solution process47, anti-solvent solution process48,49,50, 
vacuum flash–assisted solution process51, etc. The easiest one is one-step solution process, in 
which the perovskite solution is spun coated on the substrate and followed by an annealing 
process. In vapor process43,52,53,54,55,56, the organic compound (usually MAI) and inorganic 
compound (usually PbI2) are co-evaporated, and perovskite is formed on a heated substrate. 
Perovskite can also be made using hybrid process57, which is simply a combination of solution 
process and vapor process. 
 
Figure 4.3: Perovskite fabrication method. It can be made by either solution process (left) or vapor 
process (right)43,58. 
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The most popular form of perovskite is CH3NH3PbI3. It can be formed using the chemical 
reaction function below. 
PbI2 + CH3NH3I → CH3NH3PbI3 
However, some groups also reported that they can make perovskite with non-iodine lead 
salt43,46,59, the reaction mechanism will be discussed later. 
Perovskite solar cells can be made using either PIN or NIP structure, as shown in Figure 
4.4. There is a great quantity of materials we can use for p-type layer and n-type layer. The 
choices for p-type layer could be PEDOT:PSS, NiO, P3HT, Poly-TPD, PTAA, etc. The options 
for n-type layer could be TiO2, ZnO, PCBM, CdS, etc.  
 
Figure 4.4: Device structure of perovskite solar cells. It can be made as PIN structure (left) or NIP 
structure (right). 
The device structure of PIN and NIP device used in our lab is shown in Figure 4.5. The 
PIN structure uses PEDOT:PSS as p-type layer, and PCBM as n-type layer. In the NIP device, 
we use TiO2 as the n-type layer and P3HT as the p-type layer. 
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Figure 4.5: Typical device structure for PIN and NIP device. 
Here are some basic process steps we use to make our PIN devices. 
First, the ITO coated the glass is cleaned by sonication in surfactant, DI water, methanol, 
and acetone. The surfactant step takes 15 minutes, and rest of cleaning step takes 5 minutes 
each. 
After that, we deposit p-type layer on top of ITO. In our lab, we either use PEDOT:PSS 
or NiO. The difference of them will be discussed later.  
If we use PEDOT:PSS, the ITO substrate will be cleaned in air-plasma for 10 minutes. 
Then, PEDOT:PSS solution will be spin-coated on top of it at 4000 rpm, and followed by 
150℃/20min thermal annealing in air.  
If NiO is used as p-type layer, the ITO substrate will be loaded into an e-beam evaporator. 
A 30 nm thick NiO layer will be evaporated at deposition rate of 0.5Å/s. The NiO layer will 
then be annealed at 200℃ for 1 hour in air.  
After that, the substrate will be transferred into a N2 filled glovebox. The O2 and H2O 
level in glovebox are always maintained at less than 1ppm. 
The perovskite process recipe we use in this research mostly comes from Park’s group48. 
The perovskite solution is made by mix 1.67 M lead ioide (PbI2), 1.67 M methyl-ammonium 
iodide (MAI), 1.67 M Dimethyl sulfoxide (DMSO) in Dimethylformamide (DMF). The 
solution is stirred on a room-temperature hot-plate for more than 3 hours before using.  
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We spin coat the perovskite solution at 4000rpm. Then, after a specific delay (normally 
around 10s), we pour chlorobenzene onto the film. Chlorobenzene here is used to immediately 
saturate the perovskite solution and results in a fast perovskite film crystallization. Perovskite 
film is then annealed at 60 ℃ for 1 minute and 100 ℃ for 5 minutes. 
After that, 20 mg/ml PCBM in chlorobenzene is spin-coated on perovskite at 2000 rpm. 
And the film is then annealed at 75 ℃ for 15 minutes. 
Finally, 100 nm of aluminum is thermally evaporated on top of the film at a deposition 
rate of 2-4 Å/s. 
For PIN device structure, PEDOT:PSS is a great hole transport layer. But, unfortunately, 
it is not a good electron blocking layer for perovskite. A better choice is NiO. The conduction 
band of NiO is around -2 eV and the valence band is around -5 eV, which makes it a great 
electron blocking layer as well as a hole transport layer. The band diagram of perovskite solar 
cell with NiO as p-type layer is shown in Figure 4.6 (a). Figure 4.6 (b) shows that the efficiency 
of perovskite solar cell increased from 10.2% to 14.2% with the application of NiO layer, 
which enhanced the Voc from 0.8 V to 1 V.  
 
Figure 4.6: (a) Band diagram of perovskite solar cells with NiO as p-type layer. (b) IV curves of the 
devices using PEDOT:PSS or NiO as p-type layer. The one with NiO has much higher Voc (1 V) than 
the PEDOT:PSS device (0.8 V). 
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4.2.2 Formation mechanism 
In the early stage of our perovskite research, we used the recipe from Yangyang’s group46 
to grow perovskite. The perovskite precursor used in this recipe is made by mixing 212 mg of 
MAI and 122 mg of lead chloride (PbCl2) in 1 ml DMF. Since the halide in the precursor 
includes both iodine and chlorine, we are not sure whether the final perovskite we get is 
CH3NH3PbI3 or CH3NH3PbCl3 or a mixture of the two.  
In order to know the material composition and formation mechanism of perovskite, we 
use X-ray diffraction (XRD) to monitor the structure change during the material formation. 
Besides, PbCl2, Pb(SCN)2 and Pb(NO3)2 are also used in this study.  
Three samples coated with PbCl2, Pb(SCN)2 and Pb(NO3)2 are exposed to MAI to form 
perovskite. Figure 4.7 (a) represents the XRD of different lead salts prior to perovskite 
formation. It is worthy to highlight that the lead iodide (PbI2) showed an intense (011) peak at 
the 2θ values of 12.7° where as other lead salts (PbCl2, Pb(SCN)2 and Pb(NO3)2) do not show 
any peak in that region. Figure 4.7 (c) corresponds to XRD of black perovskite films. XRD 
peaks for perovskite formed from PbI2 and PbCl2 match perfectly with each other. Interestingly, 
even the peaks of perovskite formed from Pb(SCN)2 and Pb(NO3)2 match with the peaks of 
CH3NH3PbI3. This suggests that irrespective of lead salt used, same perovskite is formed in 
the end. Figure 4.7(b) represents the XRD of yellow intermediate where, for lead thiocyanate 
and lead nitrate along with original lead salt peak, a new peak appeared at 2θ value of 12.7°. 
This peak matches perfectly with the XRD peak of PbI2 suggesting that the SCN
- and NO3
- 
ions were exchanged with I- (from MAI) resulting in the conversation of lead salt (Pb(SCN)2 
and Pb(NO3)2) to PbI2. In this case, the whole picture of perovskite formation mechanism is 
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clear. For those non-iodine lead salt, its anion will be exchanged with I- during the formation, 
and finally turns into CH3NH3PbI3. 
 
Figure 4.7: XRD images of the perovskite. (a) XRD of the film before perovskite formation (b)XRD of 
the film during perovskite formation (c) XRD of perovskite after formation.  
 
4.2.3 Solvent annealing 
The anti-solvent solution process provides a way to make highly uniform and smooth 
perovskite film with high quality. However, the perovskite formation process is too fast (<1 
minute) and results in small grains (~200 nm). Small grains in perovskite provides lots of grain 
boundaries, which lead to huge increase in recombination rate.  
In order to make perovskite films with larger grains, solvent annealing process was 
proposed by Huang’s group60. Solvent such as DMF, which can dissolve perovskite, was use 
in this process. Later, DMSO was also applied in this process61.  
Figure 4.8 shows how solvent annealing process works. In solvent annealing process, 
the pristine perovskite film and DMSO solvent are placed on the same hot plate, covered by a 
glass petri-dish. DMSO solvent turns into DMSO vapor after being heated. Since DMSO can 
dissolve perovskite, DMSO vapor will gradually penetrate the perovskite film and make it 
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between liquid and solid phase. During the annealing process, the DMSO in the perovskite will 
slowly go away, leading to the recrystallization of perovskite. This slow film regrowth is the 
reason we can observe larger grain afterwards. 
 
Figure 4.8: Schematic of solvent annealing process: (a) Pristine perovskite film and DMSO solvent 
are placed on top of a hot-plate, covered by a glass petri-dish (b) DMSO solvent turns into vapor and 
dissolves the gran boundary of perovskite and leads to perovskite recrystallization.  
 
The SEM image of perovskite film is shown in Figure 4.9. The grain size of perovskite 
is around 200 nm before solvent annealing. After solvent annealing process, it increased 
significantly to around 1µm. 
 
Figure 4.9: SEM of perovskite film: (a) Before solvent annealing (b) After solvent annealing. 
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Perovskite solar cells with and without solvent annealing process are made in our lab. 
The IV and QE curves are shown in Figure 4.10. With the help of solvent annealing, we greatly 
improve the device performance, from 6.4% to 10.2%. The detailed performance of those two 
devices are presented in Table 4-1. Most of the improvement comes from the increase of 
current, which has an increment of 38%. The QE curve in Figure 4.10 (b) clearly shows an 
increase all over the wavelength, which indicates a significant improvement in diffusion length 
benefited from larger grain size.  
 
Figure 4.10: (a) IV of devices with and without solvent annealing process (b) QE of devices with and 
without solvent annealing process.  
  
Table 4-1: Performance comparison of perovskite solar cells with and without solvent annealing (SA) 
process. 
 
Voc Jsc FF PCE 
No SA 0.71 V 13.3 mA/cm
2
 68% 6.4% 
SA 0.81 V 18.3 mA/cm
2
 69% 10.2% 
Increment +14% +38% +0% +60% 
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4.3 Material Property 
The success we achieved in perovskite solar cell originates from its great materials 
properties. In this part, we will investigate some important material properties of perovskite.  
 
4.3.1 Bandgap 
Bandgap is one of most basic material properties. As we have discussed in Chapter 2.5, 
the maximum efficiency a solar cell can achieved directly depends on its bandgap.  
Perovskite is found to be a direct bandgap material. From equation (2.1), if we plot 
𝛼2 𝑣𝑠. ℎ𝑣, we should get a linear curve whose intercept with x-axis lies on the bandgap energy 
of the material. Moreover, instead of measuring absorption coefficient, we can simply use the 
QE data to extract the bandgap of perovskite. 
When the photon energy is close to the bandgap energy where the absorption coefficient 
is low, the QE expression can be reduced as 
𝑄𝐸 = 𝑐 ∗ 𝛼 ∗ 𝑡                                                              (4.1) 
Where c is a constant, t is the thickness of the film, which is also a constant. 
In this case, we can also plot 𝑄𝐸2 𝑣𝑠. ℎ𝑣 to calculate bandgap energy. Figure 4.11 shows 
a plot of 𝑄𝐸2 𝑣𝑠. ℎ𝑣. By fitting the points around bandgap with a linear curve, we extracted 
the bandgap of perovskite, which is around 1.58 eV.  
Although the bandgap is not around the optimum value, which is 1.34 eV, we can still 
achieve a maximum efficiency of 31% with a bandgap of 1.58 eV. 
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Figure 4.11: QE2 vs. photon energy: The intercept on x-axis represents the bandgap energy of 
perovskite. 
 
4.3.2 Doping type 
The dopant type determines what the minority carrier is in a semiconductor. Since solar 
cells are controlled by minority carrier, knowing what the dopant type is critical for the future 
device design and optimization. 
The determination of doping type can be done in many ways, such as Hall effect and hot-
probe measurement. Here, we proposed an easier way. As shown in Figure 4.12 (a), the 
perovskite layer is sandwiched by two p-type layer, P3HT and NiO. The valance band of P3HT 
and NiO perfectly matches that of perovskite. However, there is a huge barrier between the 
conduction band of those materials, which makes it a hole-only device. The dark IV of this 
device is presented in Figure 4.12 (b). The IV curves are symmetric in the first and third 
quadrant. In both quadrant, the dark current I is proportional to V2, which indicates a space-
charge-limited current. In this case, the perovskite layer should be lightly p-typed doped. If it 
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is n-type doped, we should expect an exponential relation between current and voltage, which 
does not exist here. 
 
Figure 4.12: (a) Band diagram of a p-perovskite-p structure. (b) The dark current of this device 
follows space-charge-limited-current rule. 
 
4.3.3 Sub-gap defects density 
The sub-gap QE of perovskite solar cell is depicted in Figure 4.13. It shows the presence 
of tail state with an Urbach energy of 15 meV. This is much lower when compared with the 
Urbach energy of a-Si and organic materials, which is around 50 meV. Lower Urbach energy 
indicates better crystallinity for perovskite. When the photon energy goes down below 1.5 eV, 
we observe the state transition through mid-gap states.  
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Figure 4.13: Sub-gap QE of perovskite. The Urbach energy of tail states is around 15 meV, which 
indicates high crystallinity of perovskite film. 
 
In order to obtain more information of the electronics defect within the bandgap, we did 
CFT measurement on our perovskite sample62. Figure 4.14 is plot of CFT data with y-axis as 
(−f×dC/df) and x-axis as the frequency of applied AC bias. The capacitance vs. frequency 
was measured under different temperatures varied from 175K to 344K. Two peaks are 
observed at those temperatures; one is found in low frequency range and the other in high 
frequency range, which correspond to the deep defects and shallow defects in perovskite 
respectively. As the temperature goes up, the emission rate of the traps will increase and lead 
to higher peak frequencies. If we plot them in an Arrhenius diagram described in Chapter 3.6, 
we can obtain the level of shallow and deep defects. The activation energy of shallow defects 
is 0.24 eV while that of deep defects is 0.66 eV. At the same time, we also determined the 
attempt-to escape-frequency of perovskite, which is around 2E11 Hz at room temperature.  
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Figure 4.14: CFT data of perovskite solar cell. The inset is the magnified part of shallow defect band. 
The peak of the curve shifts to higher frequency when the temperature goes up, which indicates 
higher emission rate. 
 
 
Figure 4.15: Arrhenius plot of CFT data. Two defect levels are observed. (a) a shallow defect level at 
0.24 eV (b) a deep defect level at 0.66 eV. 
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Then, the capacitance spectroscopy is applied to evaluate the density of states 
distribution in the perovskite, and the result is shown in Figure 4.16 (a). The DOS curve has a 
mid-gap states peak at 0.66 eV. If we focus on the mid-gap state region, the DOS distribution 
can be fitted by a Gaussian distribution in Figure 4.16 (b).  
 
Figure 4.16: (a) Density of states distribution inside perovskite. (b) The DOS distribution of mid-gap 
states fitted by Gaussian distribution. 
 
The dark IV of our perovskite solar cell is depicted in Figure 4.17 (a). In the low bias 
region, the current is dominated by the shunt current, following a quadratic relation with the 
applied voltage. When the applied voltage goes higher, the current follows the two-diode 
model, which is shown in Figure 4.17 (b). The dark current is perfectly fitted by this model 
between 0.3 V to 0.8 V. The fitted curve give an ideality factor of 2 in the low bias region, 
which indicates the recombination in the depletion region. The ideality factor of the fitted curve 
in the high bias region (0.6-0.8 V) is 1. That corresponds to the recombination in the neutral 
region. When the voltage is over 0.8 V, the current is then limited by the series resistance.  
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Figure 4.17: (a) Dark IV of perovskite solar cell at room temperature (b) Dark IV (shunt current 
subtracted) fitted by two-diode model. 
 
4.3.4 Diffusion length 
Diffusion length can be measure using many approaches. Here, we presented measured 
diffusion length using photo-conductivity. As we discussed in Chapter 3.7, photo-conductivity 
can be used to extract the μτ product of a solar cell, where μ is the mobility of majority carriers 
and τ is the lifetime of minority carriers. Unfortunately, the mobility of minority carriers is not 
provided by using this method, which is essential for diffusion length calculation. However, 
Snaith and co-workers showed that the mobility of electrons and holes is almost the same in 
perovskite63. In this case, the μτ product we obtained using photo-conductivity measurement 
can be directly used to calculate diffusion length.  
Figure 4.18 (a) shows the IV curve of dark conductivity and photo-conductivity 
measurement. The inset of Figure 4.18 (a) show the two curves plotted in log scale. The 
calculated diffusion length is plotted vs. generation rate in Figure 4.18 (b). The diffusion length 
we get using 800nm light illumination is between 7-13 µm. This diffusion length decrease 
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dramatically when the generation rate increases. The diffusion length calculated is around 4 
µm, which matches the what we get from QE vs. bias measurement in the next Chapter. 
 
Figure 4.18: (a) Dark conductivity and photo-conductivity measurement data. (b) Diffusion length vs. 
generation rate at different wavelength.  
 
4.3.5 Problems and Disadvantages 
Apart from the great advantages of perovskite, such as high absorption coefficient, high 
dielectric constant, and high diffusion length, it also suffers from several problems.  
The first problem is that perovskite contains lead currently, which is an environment 
hazard. Currently, lots of research groups are working on making perovskite with non-lead 
compound64,65,66. 
The second problem is the stability issue. Perovskite has very poor thermal stability and 
environment stability67,68,69, which limit its application in real-life photovoltaics.  
The mostly used perovskite, CH3NH3PbI3, can be easily degraded when being heated at 
over 100 ℃, as shown in Figure 4.19 (a). The thermal stability can be significantly improved 
by replacing MA with FA in perovskite structure. After being heated at 150 ℃ for 1 hour, no 
color change in perovskite film was observed70.  
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When the perovskite is exposed to humid environment, it will decompose even at room 
temperature. Figure 4.19 (b) shows how perovskite film changes when being exposed to 
moisture in the air and immersed in water71. The environmental stability can be significantly 
improved by encapsulation techniques, which protects perovskite from moisture attacking. An 
intrinsic encapsulation technique is proposed by our group, which will be discussed in next 
chapter.  
 
Figure 4.19: (a) MAPbI3 degrades quickly after being heated at 150 ℃ while FAPbI3 shows great 
thermal stabilty70. (b) Perovskite can easily decompose under humid enrionment71.  
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CHAPTER 5 
BIFACIAL PEROVSKITE SOLAR CELL 
5.1 Introduction 
The efficiency of single junction perovskite solar cell has been recently boosted to more 
than 20%, which is above 65% of its efficiency limit. Pushing the efficiency further up would 
be more and more difficult.  
As we mentioned in Chapter 2.5, the Shockley-Queisser limit can be boosted by using a 
tandem structure. A GaAs tandem solar cell from Sunlab72 is shown in Figure 5.1 (a). This 
tandem solar cell is made by stacking three individual solar cells on top of each other with 
tunnel junction in between. The solar cell with larger bandgap is placed on the top while the 
one with smaller bandgap is placed on the bottom. Tandem solar cells can significantly broaden 
the absorption range of the device, which is shown in Figure 5.1 (b), and thus improves the 
power conversion efficiency. 
Figure 5.2 depicts the theoretical efficiency of a tandem solar cell under different 
combinations of top cell and bottom cell bandgaps73. If we use c-Si as the bottom cell (1.1 eV 
bandgap), in order to achieve maximum efficiency, the bandgap of the top cell should be 
around 1.7 eV. The bandgap of perovskite can be easily made into 1.7 eV by tuning the 
composition of organic cations70,74,75. If we make a perovskite-silicon tandem, the theoretical 
efficiency can be as high as 45%. So, using perovskite as the top cell in a tandem system is one 
of its most important application. 
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Figure 5.1: (a) Device structure of a GaAs tandem solar cell made of three junctions (b) The 
absorption spectrum of this tandem cell; each junction of solar cell is responsible for the photon 
absorption in a specific range72. 
 
 
Figure 5.2: Theoretical efficiency of tandem cells as a function of top cell bandgap and bottom cell 
bandgap73.  
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5.2 Fabrication Technique 
5.2.1 Introduction of bifacial perovskite solar cells 
In order to be the top of cell in a tandem, the perovskite top cell should allow the light to 
enter from the both sides. This means both sides of the device should be covered by transparent 
layers, as shown in Figure 5.3 (a). One side is used to let light enter the perovskite layer and 
get absorbed, and the other side is to let unabsorbed light leave the perovskite layer for entering 
the silicon cell underneath. This is what is called a bifacial solar cell. A perovskite-silicon 
tandem cell is formed when we put a bifacial perovskite solar cell on top of a silicon solar cell. 
A typical perovskite-silicon tandem is represented in Figure 5.3 (b). 
 
Figure 5.3: (a) Device structure of a bifacial perovskite solar cell (b) A perovskite-silicon tandem cell 
formed by placing a bifacial perovskite solar cell on top of a silicon cell.  
 
5.2.2 Room-temperature ZnO:Al sputtering 
The p+ transparent layer of a bifacial perovskite solar cell can be either PEDOT:PSS or 
NiO. To avoid conduction band mismatch and Voc loss, the conduction band level of n+ 
transparent should be close to -3.8 eV. In this case, the material we can used would be either 
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ITO, SnO, or ZnO:Al. Since this n+ layer is deposited on top of perovskite, the deposition 
temperature must be less than 100 ℃. However, most of the deposition techniques of ITO and 
ZnO:Al are performed at temperature higher than 150 ℃, which remains as a challenge for our 
bifacial perovskite solar cell fabrication process. 
Here, we have developed a room-temperature ZnO:Al sputtering process. The 
transmission of room-temperature ZnO:Al film is shown in Figure 5.4. Compared with our 
standard ZnO:Al process, which is done at 150 ℃, there is no sacrifice in transmission. Both 
exhibit same transmission response all over the wavelength. However, the resistivity of the 
film increases from 2E-4 Ω*cm to 2E-3 Ω*cm when the process temperature reduces from 
150 ℃ to room-temperature. But 10-3 resistivity is still fine for a transport layer.                                              
 
Figure 5.4: Transmission of ZnO:Al deposited with room-temperature substrate and 150 ℃ 
substrate. 
 
5.2.3 CdS buffer layer 
After being able to deposit high quality ZnO:Al at room temperature, we tried to made a 
device by depositing ZnO:Al on top of perovskite layer. However, due to its unstable nature, 
the perovskite layer was destroyed by the Argon plasma during sputtering, even after we 
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reduced the power to 20W. The photo of perovskite after ZnO:Al sputtering deposition is 
shown in Figure 5.5.  
 
Figure 5.5: Perovskite film is destroyed by Argon plasma during deposition. 
 
Clearly, we need a buffer layer on top of perovskite to protect it. We choose CdS as the 
buffer layer due to the following reasons. First, CdS can be deposited using thermal or e-beam 
evaporation, both of which will leave minimal damage to the substrate during deposition. 
Second, the conduction band of CdS is around -4 eV, which perfectly match the conduction 
band of perovskite. Third, CdS can be easily doped to achieved higher conductivity. The 
absorption coefficient curves of both indium doped and undoped CdS are depicted in Figure 
5.6. The bandgap of CdS is calculated to be around 2.5 eV from the absorption data. After 
being doped with indium, the conductivity of CdS increased by 1000 time, from 1.4E-2 to 20 
S/cm, as shown in Table 5-1. 
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Figure 5.6: Absorption coefficient of undoped and doped CdS. 
 
Table 5-1: Conductivity and bandgap of undoped and doped CdS 
 
Conductivity 
(S/cm) 
Bandgap 
 (eV) 
Undoped CdS 1.4E-2 2.46 
Indium doped CdS 20 2.52  
 
After depositing 100 nm of CdS:In, we are able to sputter 320 nm of ZnO:Al without 
damaging the perovskite layer. The complete device structure is illustrated in Figure 5.7 (a). 
The light IV of the device is provided in Figure 5.7 (b). When the light comes from the top 
ZnO:Al layer, this device offer a power conversion efficiency of 11.4% with 1.01V Voc, 15.8 
mA/cm2 Jsc, and 71% FF. This efficiency is lower than that of our standard perovskite solar 
cell (~15%). It is mostly due to the drop of short-circuit current, which is only 15.8 mA/cm2 
when compared with the Jsc of 20 mA/cm2 in standard cell.  
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Figure 5.7: (a) Device structure of bifacial perovskite solar cell with 100nm of CdS:In and 320 nm of 
ZnO:Al (b) IV curve of this cell. The efficiency of the device is 11.4% with 1.01V Voc, 15.8 mA/cm
2 Jsc, 
and 71% FF. 
The QE data in Figure 5.8 tells us why we would have such a low current. We observe a 
huge reduction in QE signal between 400 to 525 nm. And this is due to the parasitic absorption 
in CdS:In layer since the bandgap of CdS:In is 2.5 eV, which matches the onset of absorption 
edge.  
 
Figure 5.8: QE of bifacial perovskite solar cell with 100 nm thick CdS:In. There is huge reduction in 
QE signal between 400 to 525 nm because of the parasitic absorption in CdS layer. 
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5.2.4 Device optimization 
In order to reduce the parasitic absorption in CdS:In layer, we gradually reduce the 
thickness of CdS:In layer. As shown in Figure 5.9, there is a significant recovery of QE signal 
in the low wavelength range after the thickness of CdS:In reduced from 100 nm to 50 nm and 
further to 25 nm. There is a trade-off between parasitic absorption and film protection for 
CdS:In layer thickness optimization, and we find 25 nm of CdS:In works the best.  
 
Figure 5.9: QE of bifacial perovskite solar cell with 100 nm, 50 nm, and 25 nm thick of CdS:In. We 
observe a significant increase of QE signal between 400 nm to 525 nm. 
 
 After depositing 25 nm of CdS:In and 380 nm of ZnO:Al, we successfully made a 
bifacial perovskite solar cell with 14% efficiency. The IV and QE of device with light coming 
from top and bottom are shown in Figure 5.10, and detailed device performance is presented 
in Table 5-2. Figure 5.11 shows how this bifacial perovskite solar cell looks through light. 
With 14% efficiency when the light comes from the top, this was the second best bifacial 
device at that time (the best in the field was 14.1%).  
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Figure 5.10: (a) Light IV of optimized bifacial perovskite solar cell with light coming either from top 
or bottom. (b) The corresponding QE of the device. 
 
Table 5-2: Detailed device parameters of optimized bifacial perovskite solar cell. 
 V
oc
 J
sc
 FF PCE 
Light from bottom 1.03 V 19.1 mA/cm
2
 72% 14.2% 
Light from top 1 V 19.5 mA/cm
2
 72% 14% 
 
 
Figure 5.11: Photo of bifacial perovskite solar cell illuminated under light.  
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5.3 Diffusion Length from QE vs. Bias 
Apart from being the top cell in a tandem system, bifacial perovskite solar cell also 
provides us a way to measure the diffusion length of both electrons and holes.  
This measurement consists of two parts. Firstly, the CV measurement is performed to 
determine the depletion width of the device under each bias. Secondly, the QE vs. bias is 
measured with light shining from the top and bottom. Then, normalized QE vs. depletion width 
is plotted, which is shown in Figure 5.12. 
 
Figure 5.12: Normalized QE vs. depletion width with light coming either from top or bottom. The 
scatter data points are from measurement. 
 
Based on the device parameters of perovskite layer in Figure 5.13, the relation between 
QE and diffusion length can be expressed by following equations. 
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Figure 5.13: Device parameters in perovskite layer.  
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In the above four equations, 𝑡  is the thickness of the perovskite layer; 𝑤  is the 
thickness of depletion layer, which changes with bias; 𝑡𝑠  is the thickness of interface 
region where surface recombination dominates; 𝐿𝑠 is the diffusion length in the interface 
region, and 𝐿𝐵 is the diffusion length in the bulk region. 𝛼 is the absorption coefficient. 
In our measurement, light with wavelength of 420 nm is illuminated on our sample, 
either from the bottom side or top side.  By fitting the measurement data with above equations, 
we can extract the diffusion length of electrons and holes.  
The device parameters we get by fitting the data are shown in Table 5-3.  
Table 5-3: The device parameters extracted from the fitted curve. 
Thickness 800 nm 
Absorption coefficient 3E5 cm-1 
Hole diffusion length (Ls) 370 nm 
Hole diffusion length (LB) 4.7 µm 
Electron diffusion length (Ls) 1.8 µm 
Electron diffusion length (LB) 7 µm 
 
The diffusion length we extracted from the fitted curve is around 4.7 to 7 µm, which is 
the same range with what we got from photo-conductivity measurement.  
 
5.4 Environmental Stability 
As we discussed before, perovskite suffers from poor environmental stability; the device 
degrades within 5 minutes after being exposed to air. This limits its use in photovoltaic 
application and brings more difficulty for device characterization since most of the 
characterization instruments are stored in humid air.  
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Several approaches have been proposed to prolong the device lifetime in humid 
environment. Cheng’s group used an epoxy layer or plastic encapsulant film to encapsulate the 
perovskite device and achieved good stability under humid environment76, 77. However, the 
encapsulant need either heat treatment or UV exposure, which will damage the perovskite layer. 
Meanwhile, the encapsulation layer also absorbs part of photons, which results in a reduction 
in device performance.  
Here, we find that the ZnO:Al layer we grow on top of perovskite provides a great 
encapsulation for the perovskite layer under humid environment. Figure 5.14 (a) demonstrates 
the device structure of the this solar cell, which is ITO/NiO/Perovskite/PCBM/CdS/ZnO:Al/Al. 
The device maintains at 16% after being kept in humid air for more than 3 months.  
 
Figure 5.14: (a) The device structure of the solar cell is ITO/NiO/Perovskite/PCBM/CdS/ZnO:Al/Al. 
(b) Perovskite device performance stays at 16% after being kept in humid environment for more than 
3 months with intrinsic encapsulation.  
 
Since there are two extra layers added on top, which are CdS:In and ZnO:Al, we are not 
sure which one makes most of contribution in improving the environmental stability of this 
perovskite solar cell. So, we made a device with only CdS:In on top, whose device structure is 
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shown in Figure 5.15 (a). The IV curve and device performance is provided in Figure 5.15 (b). 
It also has an initial power conversion efficiency of 16%. Notice that this device has a Voc of 
1.09 V, which is much higher than the normal ones (around 1V). The improvement of Voc will 
be covered in next chapter.  
We first expose this device in humid air (about 50% relative humidity) for 20 minutes. 
There is no change in IV curve, as shown in Figure 5.16. However, after we stored this device 
in N2 environment for more than 1 day, the series resistance of device starts to increase, and 
resulted in a reduction in efficiency.  This tells us that CdS:In layer is not good enough to 
protect perovskite layer for more than 3 months, and most of protection should come from the 
ZnO:Al layer although CdS:In does have some blocking effect.   
 
Figure 5.15 (a) The device structure of solar cells without ZnO:Al on top (b) IV of this cell after 
fabrication. 
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Figure 5.16: Change of IV curves over time of the device exposed to moisture. 
 
Similar work has been done by Yang Yang’s group78. However, they used spin-coated 
nano-particle ZnO, which is not as compact as our sputtered ZnO. Thus, the encapsulation 
effect is not as good as ours. Their device shows a 10% decrease in efficiency after being kept 
in air for 2 months.  
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CHAPTER 6 
PHOTON INDUCED DEGRADATION OF PEROVSKITE SOLAR CELL 
6.1 Introduction 
In the early stage of the research on perovskite solar cell, efficiency improvement was 
placed at the first place in the field. However, no so much research was done on the stability 
of perovskite, especially the photo-induced degradation. Now, we have already achieved more 
than 20% efficiency; it is time for us to switch to solving the stability issue. 
The stability of perovskite mainly consists of thermal instability, environmental 
instability, and photo-induced instability. Thermal stability issue can be solved by water 
cooling, which can keep the temperature of perovskite under 80 ℃. The environmental 
stability issue can also be fix by depositing a layer of ZnO:Al as an intrinsic encapsulation 
using our method. The only one left is the photon-induced stability issue. The photon-induced 
instability of a solar cell is something we cannot avoid since solar cell is designed and supposed 
to work under light. Particularly, as the top cell in a perovskite-silicon tandem, the perovskite 
layer will be exposed to most of the photons, which makes the stability of perovskite layer 
extremely important. 
In 2013, Snaith’s group reported that the TiO2 layer in the NIP device will accelerate the 
photon-induced the degradation of perovskite due to the UV component in the spectrum79. And 
by replacing TiO2 with Al2O3, a significant increase in stability was observed. As shown in 
Figure 6.1, with the application of UV filter and encapsulation, the degradation of the 
performance was greatly slowed. Figure 6.2 illustrates the degradation of device performance 
when Al2O3 is used. Note that, this device was exposed for 1000 hours, and there was almost 
no change in efficiency in the first 5 hours. 
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Figure 6.1: Performance degradation of the NIP device with TiO2 under the exposure of full spectrum 
sun light79.  
 
 
Figure 6.2: After replacing TiO2 with Al2O3, the performance degradation was significantly slowed
79. 
 
The shunt path created by metal diffusion in the transport layer is another source of 
degradation during light exposure. Guarnera et al found that the perovskite device with a buffer 
layer in the HTL degraded less after 350 hours of light exposure80.  Figure 6.3 shows the 
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comparison of performance degradation between the device with and without buffer layer. The 
dark IV in Figure 6.4 indicates that the device with buffer layers suffers less shunt resistance 
problem during light exposure.   
 
Figure 6.3: With a buffer layer in HTL, the degradation of the device performance is highly 
mitigated80. 
 
 
Figure 6.4: The one without buffer layer shows more shunt paths after degradation80.  
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All the reports mentioned above are based on NIP device structure, and most of them 
suffer from hysteresis problem, which will be discussed later. Light induced degradation study 
on PIN device was conducted by Bag et al81.  The device they used has a structure of 
ITO/PEDOT:PSS/Perovskite/PCBM/Ca/Al. The perovskite layer was made by two-step liquid 
process, in which PbI2 was first spin-coated on top of PEDOT:PSS substrate, followed by spin 
coating of MAI solution. They also made a mixed-cation perovskite by using both MAI and 
FAI.  
This PIN perovskite device was exposed under different light conditions.  
1. White LED (without IR wavelength) 
2. AM 1.5 
3. AM 1.5 with air cooling 
4. AM 1.5 with IR filter 
 
From Figure 6.5 (a), the device with FA has better stability in both illumination 
conditions. Figure 6.5 (b) shows the efficiency degradation of MAPbI3 under different 
exposure conditions. The one exposed by LED light has the least performance reduction while 
the one exposed by AM 1.5 has the most. Under the illumination of AM 1.5 spectrum and with 
the IR filter, there is more performance degradation when compared with LED illumination. 
This suggests the UV light in AM 1.5 plays a significant role in degradation mechanism. The 
device degrades more when there is no air-cooling nor IR filter, which means the degradation 
is thermally-activated. 
Those reports have given us a clear understanding of the factors that could impact the 
photon-induced degradation process of perovskite. However, none of them has detailly studied 
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the device physics behind the degradation process nor proposed the degradation model, and 
those are what we are going to discuss in the following part of this dissertation.  
 
 
 
Figure 6.5: (a) Efficiency degradation of MAPbI3 and MAxFA1-xPbI3 devices under LED or AM 1.5 
illumination. (b) ) Efficiency degradation of MAPbI3 under different light and cooling conditions
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6.2 Abnormal Behavior of Perovskite Solar Cells 
6.2.1 Hysteresis 
Apart from the stability issues we mentioned before, hysteresis is another problem exists 
in perovskite solar cell. Hysteresis happens when the IV curve of a solar cell depends on the 
history of the applied voltage bias. More detailed description is the IV curve of a perovskite 
solar cell changes when 1) it has been under a voltage bias before the voltage sweep or 2) the 
voltage sweep direction changes or 3) the sweep rate changes. Almost any treatment the 
perovskite solar cell received before or during the IV scan would change its IV curve.  
This phenomenon was first reported by Snaith’s group82, and widely observed in 
numerous reports83,84,85,86,87,88. Theoretically, the IV curve of a solar cell should not change 
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under different voltage sweep direction. However, this kind of IV hysteresis exists in 
perovskite solar cells, and a typical IV curve with hysteresis is illustrated in Figure 6.6. The 
device was measured twice with difference voltage sweep direction: first swept from forward 
bias to short-circuit point then from short-circuit point to forward bias. There is distinct 
difference between those two IV curves. The one scanned from forward bias has much higher 
Voc, FF, and thus PCE. The hysteresis phenomenon in perovskite solar cell leads to huge 
obstacle for us to accurately characterize the device and correctly interpret the device data.  
 
Figure 6.6: Typical IV hysteresis in perovskite solar cell82. 
 
The amount of hysteresis changes with sweep conditions. In Snaith’s report, as shown 
in Figure 6.7,  they found the hysteresis goes less when the sweep rate increases82. However, 
it is not the same in all perovskite films. The report from Grätzel’s group89 shows that the IV 
hysteresis first increases then decreases when the sweep rate goes up, which is shown in Figure 
6.8. So, there is a specific sweep rate which will result in the most amount of hysteresis in each 
film. The reason behind this phenomenon will be discussed later.  
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Figure 6.7: IV hysteresis changes with voltage sweep rate: less hysteresis with faster sweep82.  
 
 
Figure 6.8: The IV hysteresis first increases then decreases when the sweep rate goes up89. 
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The IV hysteresis also changes with pre-biasing condition. In Figure 6.9, with different 
pre-biasing condition, the IV curve changes significantly89.  
 
Figure 6.9: IV hysteresis changes with pre-biasing condition89.  
 
Apart from IV measurement parameters, the hysteresis effect also depends on the 
fabrication process and device structure. As shown in Figure 6.10, Park’s group found that the 
IV hysteresis reduces when the perovskite grain size increases83. The hysteresis also depends 
on the n-type layer. With thicker mesoporous TiO2 layer, the perovskite solar cell shows less 
hysteresis83. 
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Figure 6.10: IV hysteresis reduces when the grain size increases83. 
 
 
Figure 6.11: With thicker mesoporous TiO2 layer, the perovskite shows less hysteresis
83. 
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6.2.2 Ion migration 
The origin of hysteresis effect of perovskite solar cell was studied by lots of research 
groups71,90,91,92. Four types of mechanism were proposed to explain the IV hysteresis. 1) 
Ferroelectric polarization93,94. 2) Ion migration95,96 3) Charge trapping97. 4) Capacitive 
effects83,87. 
Among all of them, ion migration mechanism is the most adopted one in the field. It was 
first proposed by Huang’s group98. The device structure they used is shown in Figure 6.12 (a). 
The perovskite layer was sandwiched by two p-type materials. So, theoretically, there should 
be no or minimal photo-voltage under illumination, and the IV curve will not depend on the 
voltage sweep direction. However, the polarity of this device changes with the bias.  Figure 
6.12 (b) and (c) are the dark IV and light IV of this device with different bias sweep direction. 
This device was biased at negative or positive voltage before the IV scan, and the Voc of device 
in each scan is plotted in Figure 6.12 (d). This switchable photovoltaic effect was explained by 
using an ion migration model. In this model, there exist two kinds of ions: positive charged 
cations and negative charged anion. When the device is under the polling of a positive bias or 
a negative bias, those two kinds of ions will drift towards the interface and accumulate on the 
interface, which creates an internal electric field inside the devices. When the polarity of 
polling bias changes, the internal electric field will change as well. This is the reason we can 
observe a switchable photovoltaic effect in this type of device. The accumulation of ions on 
the interface also results in the change of perovskite material. In Figure 6.13, it shows that the 
anode of the device becomes transparent after 2 hour bias pooling98.  
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Figure 6.12: (a) Device structure of a symmetric Perovskite device. (b) Device under continuous 
sweep between -2.5V to 2.5V (c) Photo-current hysteresis of the device. (d) Open-circuit voltage of 
the device after repeated poling by 2.5V and -2.5V bias for more than 750 cycles98 
 
 
Figure 6.13: (a) Instrument and device structure used in an in-situ monitoring of polling process. (b) 
Microscope photos of perovskite layer during polling process98. 
 
Figure 6.14 is a figure from a report by Eames et al. explaining the ionic transport in 
perovskite96. Before the ion migration process, positive charged and negative charged ions are 
uniformly distributed in the device. Under the effect of internal electric field, the positive 
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charged cations drift towards the interface between perovskite and p-type layer, and the 
negative charged anions drift towards the interface between perovskite and n-type layer. Those 
charged ions on the interface screen the electric field inside the perovskite and result in a 
change in charge collection, which finally leads to a change in IV curve.  
 
Figure 6.14: Band diagram of perovskite solar cell before and after ion migration96.  
 
So, what are the dominant cations and anions in perovskite? Walsh et al. calculated the 
formation energy of all types of defects in perovskite and found that MA and I vacancies have 
the lowest formation energy99, which means most of ions generated in perovskite are MA 
cations and I anions. The detailed formation energy is shown in Table 6-1.  
Table 6-1: Formation energy of defects in perovskite. 
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The migration activation energy shown in Table 6-2 was calculated by Eames et al96. 
MA cation and I anion have much lower activation energy than that of Pb cation, which 
indicates those two ions are much easier to move around the perovskite lattice.  
From the formation energy and activation energy data, we can conclude that most of the 
mobile ions in perovskite are MA cations and I anions. 
Table 6-2: Migration activation energy of I, Pb and MA vacancies96. 
 
 
Although those mobile ions exist in both NIP and PIN perovskite solar cells, IV 
hysteresis is barely visible in most of the PIN devices. This is explained by Levine and co-
workers100. They made two perovskite solar cell with different device structure, one with PIN 
structure and the other one with NIP. When both devices are measured at room temperature 
with a bias sweep rate of 50 mV/s, the NIP shows huge hysteresis while the PIN device does 
not. Both IV curves are illustrated in Figure 6.15 (a). This observation is in accordance with 
the most of reports. However, as shown in Figure 6.15 (b), when the PIN device is measured 
at lower temperature (200 K), there is more hysteresis in the IV curve. Same thing also happens 
when the sweep rate increases, which is illustrated in Figure 6.16 (a), although it is not as 
significant as that at lower temperature. When measured at both lower temperature and fast 
sweep rate, the PIN device is observed with huge hysteresis in Figure 6.16 (b). 
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Figure 6.15: (a) IV of PIN and NIP device measured with sweep rate of 50 mV/s at room 
temperature. (b) PIN device measured at different temperatures with sweep rate of 50 mV/s. Device 
shows more hysteresis at lower temperature100.  
 
 
Figure 6.16: (a) PIN device measure with different sweep rate at 320K. (b) PIN device measured with 
different sweep rate at 200K100. 
 
They explained the change of hysteresis by introducing a factor R, which is defined as 
the ratio of scan rate to system response rate. When the scan rate is much faster than the system 
response rate (R is high), the mobile ions in the perovskite cannot follow the change of the 
voltage, which results in a low hysteresis effect. When the scan rate is much slower than system 
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response rate (R is low), the mobile ions can easily rearrange themselves under the bias, which 
also leads to a low hysteresis. Therefore, we are not able to observe hysteresis when PIN device 
is measured at room temperature since its mobile ion response rate is too fast. Only by lowering 
the measurement temperature and increasing the scan rate, the hysteresis of PIN device is 
revealed. What happens in NIP device falls into the third category in which the scan rate is 
close to the ion response rate. In this case, there is a lag between the bias change and ion motion, 
which leads to significant hysteresis in IV curve. 
 
Figure 6.17: Illustration of HF (hysteresis factor) as a function of R, which is defined as the ratio of 
scan rate to system response rate100. 
 
6.3 Measurement Setup 
The degradation setup we use in perovskite degradation study is an environmental 
chamber, which is shown in Figure 6.18. Environmental chamber has a glass window which 
allows the simulated light to enter and being reflected to the sample. The sample is connected 
to SMU and LCR meter outside of the chamber. The chamber is also connected with N2 
cylinder and vacuum pumps to control the gas environment inside. 
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Figure 6.18: (a) Schematic of the structure of our environmental chamber (b) Photo of environmental 
chamber. 
 
6.4 Photon Induced Degradation and Degradation Model 
The perovskite solar cell in this work is made using a PIN structure shown in Figure 6.19. 
First, a 30nm thick NiO layer is deposited using e-beam evaporation, followed by 200 ℃ 
thermal annealing in air for 1 hours. Then, perovskite layer is spin-coated with process recipe 
from Park’s group48. After that, around 60 nm of PCBM is deposited by spin-coating 20mg/ml 
PCBM solution in chlorobenzene. Finally, 100 nm of aluminum is evaporated on top of the 
device.  
 
Figure 6.19: Device structure of the PIN perovskite device we used in this work. 
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Figure 6.20 suggests that the grain size of the perovskite layer is around 200 nm. Later 
we will also discuss the effect of grain size on the photo-induced degradation.  
 
Figure 6.20: SEM image indicates around 200 nm perovskite grain size. 
 
The typical efficiency of the device is around 13%, and the best efficiency is around 15%.  
Figure 6.21 depicts a typical IV curve of PIN perovskite solar cell, and there is no hysteresis 
when the voltage bias is swept in different direction after fabrication.  
PIN perovskite solar cell samples are then loaded into the environment chamber for light 
exposure study. The sample is first kept under vacuum (~1E-6 Torr) in dark condition for more 
than 3 hours to make sure that most of the trapped O2 and H2O are released. Then, the 
environmental chamber is filled with N2 and maintained at a pressure close to 1 atm. During 
the light exposure, the sample is always blew with cool N2 to make sure it is not overheated. 
The light intensity during exposure can be adjusted to 25%, 50%, 100%, 200%, 400% of the 
intensity of sunlight, depending on which exposure condition we want.  
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Figure 6.21: Typical IV curve of a PIN perovskite device with no hysteresis. 
 
6.4.1 Change of IV during and after exposure 
In this study, we keep our PIN device at open-circuit condition during exposure. The 
light intensity is set as 1X as default.  
Figure 6.22 illustrates how the IV curve change during and after exposure. The detailed 
change of performance over time is provided in Figure 6.23. Unlike the degradation process of 
a-Si and organic solar cells in which all the IV parameters decrease during exposure101, the 
Voc of perovskite device gradually increases and saturates to about 15% higher than the initial 
value during 100 hours of light exposure. However, the Isc will decrease by 35% during 
exposure. Fill factor normally does not change and stay stable around 100%. Overall, the 
efficiency would decline by 25% after 100 hours of one-sun exposure.  
What makes the degradation process of perovskite solar cell more interesting is the 
unique “recovery” of device performance. After being kept in dark condition for some time 
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(normally 15 to 24 hours), the performance of the device will revert to its initial condition, and 
the IV curve turns back to where it was before the exposure. 
 
Figure 6.22: Change of IV after exposure. Voc increases during light exposure and suddenly drops 
below the original value just after exposure, and then it gradually increases back to the initial Voc 
during recovery process. 
 
 
Figure 6.23: Change of Voc, Isc, FF, and PCE during 100 hours of light exposure. Compared with 
parameter before exposure, the Voc increases by 15%. Isc decreases by 35%. FF is almost the same 
during exposure. PCE decreases by 25% overall. 
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As shown in Figure 6.22, the current of the device almost recovers to its initial value 
when we keep the device in dark condition immediately after the light exposure. However, the 
Voc suddenly drops below the initial value. Then, during the “recovery” process, which is just 
keeping the device under dark condition, the Voc will gradually improve and finally reach its 
initial value. Generally, this recovery process takes about 15 to 24 hours and varies from device 
to device. After the device recovery, the IV curve is almost the same as the one before exposure. 
The recovery process is also temperature dependent. During the recovery process, we 
keep the device at elevated temperature, and monitor its Voc recovery. The Voc vs. recovery 
time curve is plotted in Figure 6.24. The initial Voc is placed at -50 minutes just for comparison. 
Recovery time of 0 minutes is defined as the end of the exposure or the start point of recovery. 
The inset is the recovery happens in the first 100 minutes. The recovery under 75 ℃ finishes 
within 25 minutes, which is significant faster than that under 50 ℃ and room temperature. 
 
Figure 6.24:  Recovery of Voc at different temperature. The Voc recovers faster at higher 
temperature. 
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We proposed an ion-generation-migration model to explain our degradation data102. The 
qualitative model is represented in Figure 6.25. Since the formation energy of MA cations and 
I anions is slow, we should have a large number of positive charged and negative charged ions 
in perovskite layer at the beginning. Due to the internal electric field, those ions will mostly 
accumulate on the interfaces between perovskite and transport layers, which is shown in Figure 
6.25 (a). As shown in Figure 6.25 (b), those charged ions on the interface will screen part of 
the internal electrical field and band-bending in the perovskite layer would be slightly less than 
the one without ions in it. During light exposure, there will be lots of ions generated due to the 
weak bond of MAI. Since the device is biased under open-circuit condition, there is little 
electric field in the perovskite layer. Those generated ions and initially accumulated ions on 
the interface will diffuse back to the bulk of perovskite layer, which is illustrated in Figure 
6.25 (c). The absent of interface charge will give rise to the band-bending of perovskite layer 
in Figure 6.25 (d), and therefore we observe an increase in Voc during exposure. The ions in 
the bulk of the perovskite layer also act as recombination centers, which results in the reduction 
of Isc during exposure. After the exposure is finished, the device is kept under dark condition. 
In this case, the ions in the bulk will again drift towards the interfaces. However, there will be 
more charges accumulated on the interface this time, which leads to a huge reduction in Voc. 
The ions on the interfaces are not effective recombination centers since the electric field on the 
interface is much higher, so the Isc will quickly recover to its initial value. The ion motion and 
its effect on band-bending are illustrated in Figure 6.25 (e) and (f). The electric field 
distribution in perovskite solar cell is depicted in Figure 6.26. The electric filed on both 
interfaces is significant larger than that in the bulk layer, which explains why we can observe 
Isc increase even there are huge numbers of ions on the interface. Those interface charges will 
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screen the electric field and lead to a reduction in electric field in the perovskite layer, which 
would result in less built-in voltage across the main layer.  
 
 
Figure 6.25: Ion-generation-migration model for photon-induced degradation of perovskite solar 
cell. (a)(c)(e): The motion of ions during and after light exposure. (b)(d)(f): The corresponding 
change of band diagram during and after exposure. 
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Figure 6.26: Distribution of electric field in perovskite solar cell before, during, and after exposure.  
 
6.4.2 Change of capacitance during and after exposure 
Apart from IV measurement, we also monitor the change of capacitance with CV and 
CF measurement. Figure 6.27 suggests a parallel shift of high frequency (200kHz) CV curve 
before and after exposure. And after recovery, which is 14 hours after end of exposure, the 
capacitance almost returns to its initial value. The shift in CV can also be explained with our 
device model. The capacitance of PN junction can be expressed by Equation (6.1). It depends 
on both doping concentration 𝑁𝐴 and built-in voltage 𝑉0. In our model, there are more ions 
generated during exposure, and those ions finally accumulate on the interface after exposure, 
which result in a huge reduction in built-in voltage due to the screening effect. As we see in 
Equation (6.1), a decrease in 𝑉0 would lead to a left shift of CV curve in x-axis direction, which 
exactly matches our CV data. 
𝐶 =
𝜖
𝑊𝑑
= √
𝑞𝜖𝑁𝐴
2(𝑉0 − 𝑉)
                                                   (6.1) 
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Figure 6.27: Typical change of CV curve of PIN device during degradation and recovery process. 
 
The CF data in Figure 6.28 indicates no DOS change before and after exposure. This is 
because most of the ions drift towards the interface and accumulated there after exposure, and 
the ion density in the bulk of perovskite layer would be pretty much the same as it was before 
the exposure. 
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Figure 6.28: DOS before and after exposure. 
 
6.5 Ion Density Measurement 
In the previous two sections, we have discussed how perovskite device changes during 
exposure and recovery process, and we find out the device degradation and recovery originate 
from the generation and migration of ions. We also proposed a qualitative model to explain the 
change in IV and capacitance during and after exposure.  
In order to further understand the degradation and recovery process of perovskite solar 
cell, quantitative perspective of ion density before and after exposure is needed. 
Figure 6.29 depicts the change of dark IV during exposure and recovery. After exposure, 
we observe a relatively large negative current at 0 V in the dark IV curve (red curve in Figure 
6.29). During the recovery process, this negative current will gradually decrease and finally 
return to the initial value after 14 hours of recovery, and the dark IV after recovery is exactly 
the same as the one before exposure.  
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Figure 6.29: Change of dark IV during exposure and recovery.  
 
The existence and diminution of this current can also be explained by our model. In 
Figure 6.30 (a), there exist large numbers of ions in the bulk of the perovskite, most of which 
are generated during light exposure. As soon as we keep the device under dark, there will be 
an internal electric field which will push those charges to the interface of the device, as shown 
in Figure 6.30 (b). The movement of those charges will induce a displacement current, which 
is in a negative sign. 
If we monitor the change of this ionic displacement current, we can use it to calculate 
the number of ions in the perovskite. The total number of ions can be express as follows. 
N𝑖 =
𝑄𝑖
𝑞
=
∫ 𝐼(𝑡)𝑑𝑡
𝑞
                                                       (6.2) 
Here, 𝐼(𝑡) is the transient displacement current over time. 𝑄𝑖  is total amount of ion 
charge.  
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Figure 6.30: Migration of ion in perovskite layer will induce a displacement current, which can be 
utilized to calculate ion concentration. (a) ion distribution during exposure (b) ion distribution after 
exposure.  
 
The typical transient current before and after exposure is provided in Figure 6.31. This 
is measured on a device without adding excess PbI2 during fabrication process. The effect of 
excess PbI2 will be discussed in the following section. Transient ionic current is much larger 
after 96 hours of 1-sun exposure. The calculated ion density before exposure is 7.4E17/cm3 
and the one after exposure is 3.9E18/cm3, which is over 50 times higher. This matches our 
model that most of the ions in the perovskite after exposure are generated during light exposure. 
Those ions are mostly generated due to the bond breaking of MAI.  
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Figure 6.31: Typical transient current vs. time before and after exposure for device without excess 
PbI2. 
 
The generation of ions also depends on the light intensity and exposure time. We did 
exposure on three contacts of same sample with different exposure parameters. The first device 
was exposed at 1-sun intensity for 96 hours. The second one was exposed at 2X sun intensity 
for 20 hours. And the third one was exposed at 4X sun intensity for 48 hours. The transient 
ionic current in the first 5000s after exposure is illustrated in Figure 6.32. The one exposed at 
4X sun intensity shows much higher displacement current than the others. The ion density 
calculated from the transient current is also displayed in Figure 6.32. The ion density after 
exposure are all in the order of 1018/cm3. 
If we plot Jsc vs. its corresponding ion density before and after exposure, we will observe 
a linear relationship between current density loss and generated ion density, which is shown in 
Figure 6.33. With higher ion density, we observe higher current density loss, which indicates 
the role as recombination centers of those ions. 
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Figure 6.32: Transient ionic current vs. time. Device under exposed by longer time and higher light 
intensity shows larger transient current, which indicates the ion generation is proportional to the 
light intensity as well as exposure time. 
 
Figure 6.33: Jsc vs. Ion density before and after exposure at different exposure conditions. 
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6.6 Degradation mitigation 
Now we have understood that the photon-induced degradation process of perovskite 
solar cell is driven by the generation and migration of ions. The next question would be what 
can we do to mitigate this type of degradation? 
 
6.6.1 Effect of grain size 
In order to mitigate photon-induced degradation, we have to know the location of ion 
generation to slow down the ion generation process, which is the source of device degradation. 
In this case, by retarding the ion generation in that area, we can effectively improve the device 
stability. 
The MA cations and I anions are generated when there is bond breaking in MAI. Since 
most of the dangling bonds exist on the grain boundaries in thin film perovskite, we suspect 
that that is the place where most of the ions are generated. 
To prove this hypothesis, we made two types of samples: One with larger grains and one 
with smaller grains. With bigger grains, the perovskite film would have less grain boundaries 
and is expected to have better stability. The film with larger grains is made with solvent 
annealing treatment, and the other one is not. The device structure of both devices is 
ITO/NiO/Perovskite/PCBM/Al.  
Figure 6.34 (c) and (d) are the SEM images of device without solvent annealing and one 
with solvent annealing. After solvent annealing, the grain size of the perovskite increases from 
around 400nm to more than 1µm. The IV curves of both devices are shown in Figure 6.34 (a). 
Two devices have similar performance. The one with solvent annealing has a power conversion 
efficiency of 15.8% while the one without has 15.2%. QE is provided in Figure 6.34 (b). 
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Figure 6.34: (a) IV of control sample and sample with solvent annealing. None of them shows 
hysteresis. (b) QE of both sample. (c)(d) SEM of sample without and with solvent annealing, 
respectively.  
 
Both devices are kept at open-circuit condition during the exposure, and the detailed 
performance degradation is shown in Figure 6.35. The one with bigger grain size (solvent-
annealed device) has less degradation in all the parameters, especially in Jsc. The Jsc of 
solvent-annealed device only decease by 6%, which is less than half of the Jsc reduction in the 
one without solvent annealing. This means the generation of ions is much slower if the grain 
size is bigger, which is also proved by ion density measurement in Figure 6.36. Figure 6.36 (a) 
represents the transient ionic current of both devices before exposure while Figure 6.36 (b) 
shows the one after exposure. In both cases, the ion density of solvent-annealed device is lower 
than that of device without solvent annealing.  
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Figure 6.35: Detailed performance degradation trend of device with and without solvent annealing. 
 
 
Figure 6.36: (a)Transient ionic current of control device and solvent-annealed device before 
degradation. (b) Transient ionic current of control device and solvent-annealed device after 
degradation. 
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If we plot the Jsc vs. ion density, we can also observe a linear relation between the two. 
 
Figure 6.37: Ion density vs. Jsc of control device and solvent-annealed device before and after 
degradation.  
 
6.6.2 Effect of excess PbI2 
Another method we proposed to reduce the ion generation is adding excess PbI2 in the 
perovskite layer. There exists an equilibrium between the degradation and formation of 
perovskite, which is shown as follows.  
 
During degradation, perovskite can be decomposed to PbI2 and MAI, and MAI will be 
further decomposed to MA cation and I anion. This decomposition is also reversible, which 
is simple a formation process. Finally, the degradation and formation process are stabilized 
under equilibrium, and about 0.01% to 0.1% of the perovskite degrades and generates MA 
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cations and I anions according to our ion density calculation. So, adding 6% of excess PbI2 is 
expected to significantly push the equilibrium to the left and reduce the ion density. 
In this study, we made two types of PIN perovskite devices. One of them adds 6% of 
excess PbI2 in the perovskite solution during the perovskite fabrication. The other one is a 
standard process without adding excess PbI2. The device structure of both devices is 
ITO/NiO/Perovskite/PCBM/Al.  
The IV curve in Figure 6.38 shows that the device with excess PbI2 has much higher 
Voc. According to the detailed IV parameter in Table 6-3, the most significant difference 
between the device with excess PbI2 and the one without is Voc; by adding 6% excess PbI2, 
the Voc of the device increases from 0.94V to 1.05V, improving the efficiency from 13.1% 
to 14.6%. 
 
Figure 6.38: IV curves of PIN perovskite device with and without 6% excess PbI2. 
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Table 6-3: Detailed device performance of perovskite device with and without 6% PbI2. 
 V
oc
 J
sc
 FF PCE 
Standard 0.94 V 19.3 mA/cm
2
 72% 13.1% 
6% excess 1.05 V 19.8 mA/cm
2
 70% 14.6% 
 
We did Sub-gap QE and DOS measurement to see whether this improvement of Voc is 
attributed to the change of tail states density and mid-gap states density. In a-Si and organic 
solar cells, the change in Voc is mostly due to the change in defect density, which will lead to 
a change in diode saturation current Io. From Chapter 3.2.2, we know that the Voc of the device 
can be expressed as the following equation. 
𝑉𝑜𝑐 =
𝑛𝑘𝑇
𝑞
ln (
𝐼𝐿
𝐼𝑜
)                                                            (6.3) 
Here, n is the overall ideality factor, and it is normally between 1 to 2. 𝐼𝐿 is the generated 
photo-current. 𝐼𝑜 is the diode saturation current, which is controlled by defect density. If there 
is a notable reduction in defect density, which would lead to a decrease in 𝐼𝑜, we will observe 
a corresponding increase in Voc. 
However, in Figure 6.39, there is no significant difference in the density of tail states and 
mid-gap states between those two devices. The DOS measurement result in Figure 6.40 also 
gives the same conclusion: there is no change in mid-gap defect density after adding excess 
PbI2. 
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Figure 6.39: Subgap QE of devices with and without 6% excess PbI2. No significant difference is 
observed in tail states and mid-gap states. 
 
Figure 6.40: DOS of devices with and without 6% excess PbI2. There is no change in mid-gap states 
after adding excess PbI2. 
 
The change in Voc here can be explained by the ion migration model. Since the ions in 
the perovskite layer originate from the decomposition of only 0.01% of perovskite, adding 6% 
of excess PbI2 will significantly push the reaction equilibrium to the left and lead to a reduction 
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in ion density. Because of the reduction of ion density on the interface, the built-in voltage in 
perovskite will be improved with less electric field screening. The ion density measurement 
result in Figure 6.41 confirms our model; by adding 6% excess PbI2, ion density is reduced by 
almost 10 times. 
 
Figure 6.41: Transient ionic current of device with and without 6% excess PbI2. The one with excess 
PbI2 has significant less ions. 
 
We further did the photo-induced degradation study on those two samples. The 
performance degradation trend of them are shown in Figure 6.42. Voc of both device increased 
during 96 hours of light exposure; the device with excess PbI2 has slightly less change. Most 
of the difference between those two devices is the decrease of Isc. By adding 6% excess PbI2, 
the Isc decreases by only 18% instead of 35%, which indicates significantly retard of 
perovskite degradation. If we look at the ion density data in  Figure 6.43, ion density of the 
device with excess PbI2 after exposure is 5E17/cm
3, which is 80 times less than that of device 
without excess PbI2. The side by side comparison of transient current and ion density of those 
two devices before and after exposure is provided in Figure 6.44. 
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Figure 6.42: Performance degradation trend of devices with and without 6% excess PbI2. The one 
with excess PbI2 has less change in Voc and Isc. 
 
 
Figure 6.43: Transient ionic current of devices with and without 6% excess PbI2 after exposure. The 
one with excess PbI2 has less ions generated.  
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Figure 6.44: Ion density before and after exposure of devices with and without 6% excess PbI2. 
 
In this chapter, we have proposed an ion-generation-migration model to explain the 
degradation process of perovskite. Qualitative and quantitative understanding of degradation 
process is provided and lead to two approaches to mitigate the degradation. By increasing the 
grain size or adding excess PbI2, we are able to retard the degradation (ion generation) by 50% 
respectively.  
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CHAPTER 7 
CONCLUSION AND FUTURE WORK 
In this work, we have explored the basic electronic and optical material properties of 
perovskite. We have performed systematic process and device optimization based on our 
understanding of this material and developed a 16% perovskite solar cell with standard 
structure and a 14% cell with bifacial structure. Finally, we studied the physics of photon 
induced degradation of perovskite solar cell and proposed a device model to explain the 
degradation and recovery process based on the generation and migration of ions. We also 
provided two approaches to mitigate this type of degradation by increasing the grain size and 
adding excess PbI2. 
7.1 Conclusion 
7.1.1 Perovskite solar cells 
• Systematic process optimization has been performed, and a PIN solution process 
was developed with device efficiency over 16%.   
• We developed solvent annealing process on our PIN solution process, which 
significantly enhanced the grain size from 200 nm to 1 µm. 
• By adding 6% excess PbI2, we improved the Voc of our solution processed device 
from 0.94 V to 1.05 V. Subgap QE, CF, and ion density measurement have been 
performed to investigate the device physics of device with excess PbI2; 
improvement of Voc was found to originate from the reduction of ion density. 
• We studied the electronic defects distribution of perovskite by using sub-gap QE 
and CFT measurement, and two distinct mid-gap state bands were discovered.  
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• We measured the dark IV of our PIN solution device and found that it perfectly 
fits the two-diode model. 
• We made a hole-only device sandwiched by NiO and P3HT and found that the 
dark current was proportional to V2, which indicated that our perovskite was p-
type doped. 
• We performed photoconductivity measurement, and the diffusion length of our 
perovskite was found to be around 4 µm under the assumption that the mobility 
of electrons and holes was almost the same.  
 
7.1.2 Bifacial perovskite solar cell 
• We developed a room-temperature ZnO:Al RF sputtering process, and it 
provided exactly the same film transmission when compared with our standard 
150℃ sputtering process.  
• By carefully considering the material property of perovskite and electron-
transport layer on top, a bifacial perovskite solar cell was successfully developed 
by adding CdS layer between perovskite and ZnO:Al as a buffer layer. After 
device optimization, we achieved 14% efficiency with light coming from the top 
(ZnO:Al side), which was one of best efficiency in the field. 
• The bifacial PIN device possesses great environmental stability and it does not 
degrade after being kept in air for 3 months.  With a controlled experiment, we 
found that it was the ZnO:Al layer that provided excellent encapsulation for 
perovskite solar cell. 
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• We performed QE vs. bias measurement on both sides of our bifacial perovskite 
solar cell to measure the diffusion length of both electrons and holes. We also 
built a model considering the interface region with low diffusion length. The 
diffusion lengths of electrons and holes in the bulk region of perovskite were 
calculated to be 7 and 4.7 µm respectively, and the diffusion lengths of electrons 
and holes near the interface were found to be 1.8 µm and 370 nm.  
 
7.1.3 Photon induced degradation of perovskite solar cell 
• Detailed device analysis on our PIN perovskite solar cell during light exposure 
was performed, and we found that the degradation of device originated from the 
generation and migration of ions. 
• We performed ion density measurement of perovskite by using transient dark 
current. The measurement data showed a linear relationship between the 
reduction of photo-current and generation of ions. 
• The effect of gain size on photon induced degradation was investigated. By 
increasing the grain size from 400nm to 1µm, we observed a huge decrease in 
ion density before and after degradation, which led to 50% less degradation. We 
also did ion density measurement on both devices and found the one with larger 
grain size has less ion density before and after exposure. This experiment 
demonstrated that most of ions were generated on the grain boundaries. 
• We studied the effect of excess PbI2 on device degradation. By adding 6% excess 
PbI2, we found that the ion density of perovskite was reduced by 80 times. With 
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less amount of ion charge, we observed 50% less photo-current degradation of 
the sample with excess PbI2. 
 
7.2 Future Work 
7.2.1 Device physics behind cesium enhanced perovskite photo-stability 
Gratzel and co-workers improved the efficiency of mixed cation perovskite to over 20% 
by incorporating 5% cesium during fabrication, which is show in Figure 7.1 (a). Meanwhile, 
as shown in Figure 7.1 (b), they also found that photo-stability of the device with cesium was 
significantly enhanced45. However, detailed material and device analysis was not provided to 
explain the enhancement of photo-stability. Another concern of their photo-stability study is 
that the light source they used is a LED light, which lacks UV and infrared spectrum.  
 
Figure 7.1: (a) IV hysteresis of the champion cell shows device efficiency over 21%. (b) Device with 
5% cesium has much better photo-stability45.  
  
So, full-spectrum degradation study is necessary in order to explore the role of cesium 
in enhancing the photo-stability. We also need to do a complete device characterization of the 
device before and after degradation to understand what happens during the exposure. Ion 
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density should also be measured to see whether this improvement in photo-stability also results 
from the reduction of ion generation like what we see in MAPbI3 perovskite.  
 
7.2.2 Further study of the effect of excess PbI2 on photo-stability 
In Chapter 6.6.2, I have investigated the effect of excess PbI2 on device performance and 
its degradation process. What we found was the perovskite device contained less ions after 
adding 6% excess PbI2, which led to less interface ion charge and higher Voc. By adding excess 
PbI2, the generation of MA
+ and I- ion will get slowed during exposure and result in better 
device stability under light. However, the amount of excess PbI2 I referred to was that in the 
solution. We should perform EDS on our perovskite film to see how much excess PbI2 is finally 
introduced, which could differ from what in the perovskite solution. Meanwhile, we should 
also study how different amount of excess PbI2 would affect the device performance and photo-
stability. 2%, 4%, 6%, 8%, and 10% of excess PbI2 could be introduced in the perovskite film, 
and their corresponding device performance and photo-stability can be studied. 
 
7.2.3 Relation between ion density and open-circuit voltage 
We have measured the ion density of perovskite using transient dark current and 
investigated the relation between ion density and short-circuit current. In our degradation 
model, we found that open-circuit voltage changes with the ion density on the interface. Since 
Voc and Isc are the two parameters that change during light exposure. Understanding the 
relation between Voc and ion density is critical for us to explain and predict the change of 
device performance during and after the exposure. Since the reduction of Voc after exposure 
results from the screening effect of interface ion charge, we can use CV measurement to 
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monitor the change of built-in voltage, which would be a function of ion density. Almora et al. 
introduced a method to calculate ion density from capacitance by considering the ionic Debye 
length87. However, according to their model, the potential drop due to ion charge would be 
kT/q, which is independent of ion density. So, an appropriate device model is needed to bridge 
the interface ion density and potential drop of the perovskite layer.  
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